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The Seeger-Teller theory of dielectric breakdown for the alkali halides has been extended to 
account for the effect of trapping at low temperatures. The cross section of ionized F-centers 
has been estimated classically, as well as from recent experiments of Domanic on the photo- 
electric yield of F’-centers, to be about 3X 10~" cm? near liquid air temperatures. The increase 
in the breakdown field for NaCl is given as a function of the concentration of vacant halogen 
ion sites. An observable increase, of about 10 percent, in breakdown voltage is predicted at a 


concentration of 2 10'* centers per cm‘. 





I. INTRODUCTION 


HE chief theoretical ideas in the field of 

dielectric breakdown of the alkali halides 
have been formulated by Fréhlich, Seeger and 
Teller, and Seitz and von Hippel. These theories 
are concerned primarily with a description of the 
breakdown phenomenon in perfect crystals, i.e., 
crystals which do not contain any localized dis- 
crete energy states. Various types of crystal im- 
perfections such as vacant lattice sites, inter- 
stitial atoms, strains, internal cracks, etc., give 
rise to localized states which act as electron 
traps. It is well known that trapping centers for 
electrons explain many of the phenomena associ- 
ated with the coloration and photo-conductivity 
of the alkali halides, semi-conduction and the 
luminescence of certain types of phosphors. The 
behavior of the alkali halide crystals, investi- 
gated principally by Pohl and collaborators, has 
_been explained by the introduction of the so- 


* A portion of the work described in this paper has been 
supported by the Bureau of Ordnance, U. S. Navy, under 
Contract NOrd-7386. 

** A preliminary account of this paper was presented at 
the Conference on Electrical Insulation, National Research 
Council at the Massachusetts Institute of Technology, 
Cambridge, Massachusetts, September 24-27, 1947. . 


called color centers (Farbzentren) or localized 
regions where electrons are trapped in discrete 
energy states. A model proposed by de Boer!’ for 
these color centers is that empty F-centers are 
vacant halogen ion sites in the lattice, while 
the F-centers themselves are such sites which 
contain one electron. To explain the phenomena 
observed in the alkali halides it is necessary to 
introduce in addition the F’-center, which is a 
vacant halogen site containing two electrons. In 
this paper the vacant halogen ion sites are re- 
ferred to as ‘‘ionized”’ F-centers. Thus, an ionized 
F-center may capture an electron to become an 
F-center which in turn may be converted into 
an F’-center by the capture of an additional 
electron. Recently, Seitz? has discussed the prop- 
erties of multiple lattice vacancies in alkali 
halide crystals. Although such aggregates con- 
sisting of several adjacent vacancies can also 
trap electrons, their concentration is small com- 
pared to that of the simpler, single vacant sites. 

While most of the calculations of the break- 
down field in alkali halide crystals have been 


1]. H. de Boer, Rec. des Trav. Chim. Pays Bas 56, 301 
1937). 
2 F. Seitz, Rev. Mod. Phys. 18, 384 (1946). 
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confined to crystals in which there are no trap- 
ping centers,*-> there have been discussions by 
Seeger and Teller,® von Hippel and Lee,”? Meyer,® 
Seeger,? and most recently by Froéhlich,'® con- 
cerning the influence of electron trapping on the 
breakdown phenomenon. In particular, there 
have been considerations to determine whether 
or not avalanche formation is possible for various 
concentrations of empty trapping centers.®°® 
These calculations are based on the idea that at 
sufficiently low temperatures electrons will be 
removed permanently from an avalanche by the 
trapping mechanism, thus causing an increase in 
the voltage required for breakdown. On the other 
hand, if the electrons are not trapped for long 
enough times, such as at sufficiently high tem- 
peratures, the breakdown voltage is not affected 
significantly. It should be noted that Fréhlich’s 
recent investigation!® shows that trapped elec- 
trons are of importance in determining the de- 
crease in breakdown voltage at higher tem- 
peratures. 

The purpose of this paper is to study the 
effect of trapping centers in alkali halide crystals 
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Fic. 1. Initial positions of electron with respect to a 
Coulomb center employed in calculating the classical cap- 
ture cross section. 


3 R. J. Seeger and E. Teller, Phys. Rev. 54, 515 (1938). 

4H. Frohlich, Proc. Roy. Soc. (A)160, 230 (1937). 
_ 5 F. Seitz, Modern Theory of Solids (McGraw-Hill Pub- 
lishing Company, Inc., New York, 1940). 

°R. J. Seeger and E, Teller, Phys. Rev. 56, 353 (1939). 
(1941) von Hippel and G. M. Lee, Phys. Rev. 59, 824 
(1943) F. Meyer, Thesis, George Washington University 
®R. J. Seeger, J. Wash. Acad. Sci. 36, 285 (1946). 
10H. Fréhlich, Proc. Roy. Soc. (A)188, 521 (1947). 
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on the formation of an avalanche of electrons in 
an applied electric field. This study, based on 
the Seeger-Teller breakdown theory, permits a 
determination of the order of magnitude of the 
empty trap concentration required to give a 
measurable increase in breakdown voltage at low 
temperatures. 


II. CAPTURE CROSS SECTION OF IONIZED 
F-CENTERS 


In many phenomena involving the motion of 
electrons through a lattice, an important factor 
in determining the rate of change of concentra- 
tion of electrons is the capture cross section of 
the trapping centers. At the present time there 
is not available an adequate quantum-mechani- 
cal calculation of the capture cross section, for 
conduction electrons, of ionized F-centers in 
alkali halides. Among the difficulties is the lack 
of adequate information concerning the potential 
function in the neighborhood of an ionized F- 
center and the wave function of low velocity 
conduction electrons. However, estimates of the 
cross section in the presence of an applied elec- 
tric field have been made on the basis of a greatly 
simplified classical picture.’ It was assumed that 
the ionized F-center has a Coulomb potential 
with cut-off similar to that used by Tibbs," and 
that the conduction electrons may lose energy 
to the lattice by the mechanism suggested by 
von Hippel” and developed by Seeger and Teller.’ 
The problem was treated in the one-dimensional 
case (i.e., for the case of electrons traveling 
straight-line paths directed through the center of 
the Coulomb field) since the three-dimensional 
problem leads to serious computational difficulties. 
It was believed that this approximation would 
give the correct order of magnitude for the de- 
pendence of the cross section on the velocity of 
the conduction electron. In the one-dimensional 
case, attention is focused on an electron at a dis- 
tance 7» from a capture center. The problem is to 
determine the minimum velocity which this elec- 
tron must have in order to escape to infinity. 
The electron is considered to be moving under 
the influence of the Coulomb field of the center, 
the applied electric field and the frictional field 


11S, R. Tibbs, Trans. Faraday Soc. 35, 1471 (1939). 
12 A. von Hippel, J. App. Phys. 8, 815 (1937). 
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postulated by Seeger and Teller.* It is possible 
to consider four distinct cases, as shown in Fig. 1, 
depending on the direction of the electron veloc- 
ity vector with respect to the applied electric 
field and the field of the center. The differential 
equation for any case is given by 


d'r/d? = +(e /mKr*) — A (dr/dt) 
XIn[b?(dr/dt)?]+(eE/m), (1) 


1 1 K 
A=4x'e'rs'(—-—)(—), (1a) 
x” K’ 


b? = (m/2hvr)(K’/K)}. 


where 


and 


In these equations, K is the normal dielectric 
constant, K’ the dielectric constant when the 
ions are kept fixed (which can be evaluated by 
extrapolating the square of the index of re- 
fraction to infinite wave-lengths), E is the 
applied electric field, and vr the transverse 
lattice vibration frequency. Equation (1) can be 
solved conveniently by means of the Runge- 
Kutta method.” This equation has been solved 
for ro as a function of v (the conduction electron 
velocity) for all cases shown in Fig. 1. Since there 
are only minor differences between the results, 
we have chosen to list in Table I the values of 
the cross section for Case 2. The cross section oc, 
is defined as ¢,=77r¢?, where 79 is the distance an 
electron of velocity v must be away from the 
center if it is just to escape. In these calculations 
the applied field was set equal to the classical 
breakdown field of 2.9 10* volt/cm in NaCl as 
calculated by Seeger and Teller.* Cross sections 
have been calculated for other values of the 
applied field with the result that no strong effect 
of the electric field is observed. Calculations have 
also been carried out for the two-dimensional 
case where there is a finite impact parameter. 
The cross section is then only slightly larger than 
in the one-dimensional case. 

In addition to the above classical calculation 
it is possible to estimate capture cross sections 
from experiment. For example, Mott and Gur- 
ney“ have estimated the capture cross section of 
F-centers from measurements of the range of 





J. B. Scarborough, Numerical Mathematical Analysis 
(The Johns Hopkins Press, Balitmore, 1930). 

“'N. F. Mott and R. W. Gurney, Electronic Processes in 
Tonic Crystals (Oxford University Press, London 1940). 
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TaBceE I. Classical capture cross section of 
ionized F-centers in NaCl. 








Conduction elec- 
tron velocity 
v X1077 cm/sec. 


Conduction 
electron velocity 
v X10-7 cm/sec. 


Capture 
cross section 
a» X10" cm 


Capture 
cross section 
ov X10" cm? 





4.88 0.357 1.41 20.4 
4.56 0.461 1.37 21.6 
4.31 0.570 1.34 22.6 
4.10 0.685 1.30 23.8 
3.93 0.804 1.26 24.8 
3.78 0.930 1.22 25.9 
3.64 1.06 1.18 27.0 
3.43 1.33 1.14 28.1 
3.25 1.61 1.09 29.0 
3.10 1.90 1.04 30.2 
2.97 2.21 0.986 31.2 
2.81 2.68 0.937 32.0 
2.67 3.17 0.808 33.0 
2.56 3.66 0.840 33.8 
2.46 4.23 0.792 34.6 
2.37 4.67 0.745 35.5 
2.24 5.81 0.698 36.1 
2.14 6.52 0.652 37.0 
2.05 7.55 0.606 37.6 
1.96 8.55 0.561 38.3 
1.89 9.51 0.516 38.7 
1.83 10.5 0.478 39.4 
1.77 11.6 0.433. 39.8 
1.71 12.7 0.388 40.3 
1.66 13.7 0.393 40.7 
1.62 14.8 0.399 40.9 
1.57 15.9 0.255 41.2 
1.53 17.3 0.211 41.4 
1.49 18.1 0.167 41.6 
1.45 19.3 0.123 41.9 








electrons in KCl, obtaining a result of the order 
of 10-“ to 10-'§ cm?. Since that time the experi- 
ments of Domanic!® on the photoelectric yield of 
F’-centers in KCI permit a similar determination 
of the cross section of ionized F-centers. These 
experiments give the variation of 787 as a func- 
tion of temperature, where 7 is the quantum 
yield of photoelectrons for irradiation in the F’ 
band, 8 the electron mobility, and 7 is the time 
an electron in the conduction band spends in 
the free state. Following a suggestion by Seitz'® 
these data may be interpreted as follows. When 
the crystal is irradiated at low temperature with 
light lying in the F’-band, the F’-centers go over 
into F-centers by losing electrons which are then 
captured by ionized F-centers to form further 
F-centers. This is borne out by the fact that for 
each photon absorbed by an F’-center, two F- 
centers are formed at low temperatures.'? Ac- 
cording to Domanic, 78r for KCI at 90°K is 
about 10-* cm?/volt. The quantity 7 is given by 
18 F, Domanic, Ann. d. Physik 43, 187 (1943). 


16 Private communication. 
17H, Pick, Ann. d. Physik 31, 365 (1938). 
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t= (Novo,)—', where No is the density of vacant 
sites, v is the velocity of conduction electrons, 
and ¢, is the capture cross section of ionized F- 
centers for electrons of velocity v. If it is assumed 
that most of the F-centers were converted to F’- 
centers before the experiment, then the density 
of vacant sites is about 3 10'* cm-*. At a tem- 
perature of 90°K, 7 may be taken as unity”” and, 
according to the theory of Fréhlich and Mott," 
B/v=10-5 cm/volt with v7 X 10° cm/sec. Thus: 


ty> (n/ No) (B/v) (nBr)exp, 
which gives 
0,23 X 10-* cm’. 


Since the physical characteristics of KCl and 
NaCl are not very different, this value of o, for 
KCI might be compared with the value of about 
4x 10-" cm? for NaCl given in Table I for the 
same conduction electron velocity. The close 
agreement between the values of o, obtained by 
these crude approximations is certainly not sig- 
nificant. Further refinements must be made by 
means of quantum-mechanical methods and will 
be justified when more adequate information is 
available on the potential function of the centers. 


III. CALCULATION OF THE ELECTRIC BREAKDOWN 
FIELD FOR AN ALKALI HALIDE CRYSTAL 
CONTAINING TRAPPING CENTERS 


The purpose of this section is to develop a 
theory for estimating the increase in the electric 
breakdown voltage at low temperatures as a 
function of the vacant trap concentration. It 
is well known that breakdown can occur when the 
relatively few conduction electrons normally 
present in a crystal are accelerated by the applied 
electric field and gain sufficient energy to remove 
electrons from the halogen negative ions. An 
avalanche may be created in this manner. Sup- 
pose that there are No trapping centers per cm* 
of the crystal. Let be the number of conduction 
electrons per cm ° at the time ¢, and NV; the value 
of when the electric field, E, is first applied. 
It is assumed throughout that all the conduction 
electrons have the same velocity as a function 
of time. According to the simplified picture given 
here, 2 will start with the value NV; and decrease 
with time unless an avalanche begins. As the 


18H, Fréhlich and N. F. Mott, Proc. Roy. Soc. (A)171, 
496 (1939). 
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conduction electrons accelerate in the applied 
field, they acquire an energy sufficient to form 
secondary electrons which are stripped from the 
halogen negative ions. During this period of ac- 
celeration, some of the conduction electrons are 
trapped, thus reducing the number of electrons 
available for avalanche formation. The break- 
down criterion in the case of these two competing 
processes may be stated as follows: There can 
be no breakdown if n= N,/2 at the time when the 
conduction electrons have an energy sufficient 
to form secondary electrons. On the other hand, 
if m>N;/2 under the energy condition stated, 
an avalanche is possible since the rate of forma- 
tion of secondaries is greater than the rate of 
loss of electrons to the trapping centers. The 
above condition presupposes that the secondary 
electrons are produced with an efficiency equal 
to unity. It is also assumed that once an electron 
is trapped it is removed permanently from the 
avalanche. This will be true for low temperatures 
where kT is sufficiently smaller than the energy 
depth of the trap. 

If the trap concentration, No, is very much 
greater than the initial concentration of con- 
duction electrons, the variation with time of 
the conduction electron concentration is given by 


dn/dt= — Noo,vn, (2) 


where v is the conduction electron velocity and 
o,=77ro is the capture cross section of a trapping 
center for a conduction electron of velocity v. 
The velocity of the conduction electrons as a 
function of time has the form 


m(dv/dt) =eE —(A/v*) In(b*v"), (3) 


where A and 0’ are defined in Eq. (1a). According 
to the Seeger-Teller theory (1/b) is the char- 
acteristic velocity below which there is no fric- 
tional drag on the conduction electron. The 
second term on the right-hand side of Eq. (3) 
represents the frictional force on the electron.’ 
The term (e?/Kr?), which represents the Coulomb 
field of the trapping center, has been omitted 
from Eq. (3) because the time average of the 
field of the center is small. Equations (2) and (3) 
may be combined in the form 

dn mN oo ,vn 

—=— . ( 

dv eE —(A/v?) In(b?v?) 
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DIELECTRIC 


For convenience, define the following quantities 


t=n/Ni, 
D=(A /ev?) In(b’v*), (5) 
and 
a=E/Es, 


where Ez, the breakdown field for zero trap 
concentration,* is given by 


0.7492mevr/1 1 Ky} 
Eg=——*(—_-— (—). (5a) 
h K' K/\K' 


The problem is now to determine the mini- 
mum value of @ required to produce breakdown 
for a given value of Vo. Substitution of the quan- 
tities £, D, and a from Eq. (5) into Eq. (4), yields 


e \dé o ,vdu 
(te 
mNo/ é aE,—D 


It should be remarked that D is the electric field 
inside the crystal which gives rise to the fric- 
tional effects in the Seeger-Teller theory. The 
applied breakdown field, Ez, is that which just 
exceeds the maximum value of D. Thus, 


D=(1/e)(dw/ds) and Epg=(1/e)(dw/ds) max, 


where dw/ds is the energy lost per cm to the 
lattice. Equation (6) may be integrated subject 
to the condition that <=} when the electron 
velocity reaches the value v,, required to remove 
the electron from the halogen ion. This procedure 
leads to a relationship between No and a,, where 
a, is the minimum value of a which will cause 
breakdown when there is a trap concentration NV. 
The integration of Eq. (6) yields 





eEp |In2 f o ,vdv 
mN > v0 


The lower limit of integration, vo, in the integral 
remaining in Eq. (7) represents the average 
thermal velocity of the conduction electrons. 
For convenience, Eq. (7) may be written in the 
form 

No=vEs/To, (8) 
where 

y= (e/m) In2, (8a) 
and 

o yvdv 


ie f 
"Jeo cee — (2.718/b202) In(bv2) 





(8b 
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The integral J) should be evaluated numerically 
from v=v9 to v=v,. The upper limit, v,, is the 
critical velocity required to ionize the halogen 
ion in the alkali halide crystal. For NaCl, 7, = 18.4 
x 107 cm/sec. since the energy’® required is 9.6 
ev. In Section II, o,, the capture cross section of 
ionized F-centers, was evaluated for velocities 
up to 4.9107 cm/sec. Beyond this value of 
velocity c, is relatively small. Consequently, the 
integrand of Jo is small in the interval of 4.9 107 
cm/sec.=vSv, and it suffices to evaluate the 
integral up to v=4.9 x 107 cm/sec. The choice of 
the lower limit, vo, which represents the average 
thermal velocity is not critical to the evaluation 
of Io. The contribution to J» from the interval 
0=v=v is of the order of one percent of the 
contribution from vp=v=4.9X107 cm/sec. The 
integral was finally evaluated in the range 





1.5 





























0 2 4 6 
-18 3 
Nox 10 CENTERS/cm 


Fic. 2. The variation of breakdown field with concen- 
tration of vacant sites No. (a =E./Epz, where Eg is the 
breakdown field for No=0 and E£, is the breakdown field 
for a finite value of No.) 


19 Reference 5, p. 97. 
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0=0=4.9X107 cm/sec. which includes the in- 
terval 0=v=vp in order to partially compensate 
for the omission of the interval between v=4.9 
< 107 cm/sec. and v=»,. 

Equation (8) has been employed to determine 
the value of No required to yield a given value of 
a,. The procedure followed was to evaluate the 
integral Jo, by numerical integration for various 
values of a, and then to determine the corre- 
sponding values of No from Eq. (8). This calcula- 
tion has been carried out for the case of NaCl 
since values of the cross section for capture as a 
function of velocity were available for that 
crystal only. The values of the parameters for 
NaCl are as follows: K=5.9, K’=2.19, and 
vp =4.91 X10" sec.-!. The values employed for 
the universal constants are those given by 
Birge.” The results obtained are shown in Fig. 2 
where a,=E,./Eg is plotted against Nox107-'§ 
centers per cm*. The quantity £, is the electric 
breakdown field for the given value of No. To 
this approximation the curve indicates that the 
trapping centers increase the breakdown voltage 
noticeably at concentrations greater than about 
2X 10'* centers per cm’. 

This result clearly depends upon the fact that 
we have been considering ionized F-centers as 
the electron traps. If we were to estimate the 
effect of F-centers as traps on the breakdown 
voltage, higher trap concentrations would be 
required to produce measurable effects. This is 
so, because the cross section for capture of an 


20R. T. Birge, Rev. Mod. Phys. 13, 233 (1941). 


MEYER AND R. C. HERMAN 


electron seems to be about 10-100 times smaller 
for an F-center than for an ionized F-center. 
The only recorded measurements of breakdown 
in crystals containing F-centers are those of 
Kalobuchow”! and Worobjew.” The latter found 
that NaCl colored by x-ray exposure showed a 
lower breakdown strength in the light than in 
the dark. This lowering was a function of the 
light intensity and not the frequency in the 
visible region. No measurements were made with 
varying concentrations of F-centers. The result 
observed may be due to space-charge effects 
which might make it difficult to determine the 
effects of empty trap concentration unless the 
experiments are performed in the dark. Although 
the above calculations could be extended to 
other alkali halides, it seems to us that such 
calculations would be worth while only if better 
values of the cross section of an ionized F-center 
became available. 
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Algebraic Method for Computing Results* 
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Plane-polarized light is in general elliptically polarized by 
reflection. Since the molecules in a very thin surface layer 
are those chiefly concerned in the process of reflection, the 
ellipticity is very sensitive to the interface conditions such 
as the presence of thin films. Since light changes phase 360° 
in a single wave-length, determination of phase changes to 
within a few minutes of arc should allow film thickness 
measurements to the nearest angstrom unit. The method 
has been used for many years to treat problems of wide 
variety. The instruments and techniques employed have, 
on the whole, been adequate, but the interpretation of re- 
sults has often been more or less unsatisfactory. The 


algebraic relationship between instrument readings and 
film constants is not exactly known. Reasonably precise 
graphical solution is tedious. Algebraic solutions have been 
preferred by most workers. 

This paper reports an algebraic method containing fewer 
approximations than used hitherto and compares results 
with values found by two prior methods. Drude’s original 
equations give results in rather poor agreement with those 
of the more precise equations developed in this paper. Re- 
sults obtained with the equations of Tronstad, on the other 
hand, agree fairly well in a favorable case. 





LANE-POLARIZED light, reflected from an 
interface at angles of incidence and azimuth 

not equal to m7/2 (n integral), becomes more or 
less elliptically polarized. The ellipticity results 
because the components in and perpendicular to 
the plane of incidence are, in general, differently 


retarded by reflection, and accordingly recombine 
out of phase. Also, in general, the reflected com- 
ponents are differently attenuated by the reflec- 
tion. As a result, when the phase difference is 
removed by a compensator, the azimuth of the 
reconstituted plane-polarized light ordinarily 
cannot be obtained by a simple change of sign of 
the azimuth of the incident light. 

When the interface is covered by a relatively 
transparent film, the observed beam is provided 
in part by reflection at the interface between the 
first medium and the film, in part by reflection at 
the interface between the film and the basis ma- 
terial. Consequently, the changes of phase and 
azimuth for reflection from filmed basis material 
generally are not the same as the changes ob- 
served in the case of reflection from bare basis 
material. When film and basis are both trans- 
parent, the difference in attenuation produced by 
the film is seldom enough to give a usable ex- 

* The work here reported was performed under contract 
between the U. S. Navy and Stanford University, desig- 
nated as N6ori 154, Task Order II, under the direction of 
Professor James W. McBain, Department of Chemistry, 
and was based in part upon work performed by the author 


in the laboratory of the Pennsylvania Salt Manufacturing 
ompany. 


perimental value of azimuth change.: The result 
is that, in principle, two data such as refractive 
index (leading to chemical identification in favor- 
able cases) and thickness may be determined for 
a film on a metallically reflecting base, but only 
one such datum for a thin film on a base of high 
transparency. 

The difference produced by the film between 
the path length of the components is roughly of 
the order of the film thickness. Since light changes 
phase 360° in a single wave-length, measurement 
of phase change precisely and accurately to a few 
minutes of arc should allow determination of the 
film thickness to the nearest angstrom unit. 

The mathematical relation of shifts in phase 
and azimuth to the refractive index and thickness 
of the film producing them is complicated. 
Graphical solutions have been obtained, valid 
over a wide range of film thicknesses,'~ as well as 
analytical (algebraic) solutions‘~? which yield 
precise values only for extremely thin films. 

Most workers have studied films of relatively 
small absorption index, or highly absorbing film 


1A, VaSitek, J. Opt. Soc. Am. 37, 145 (1947). 
( 46) B. Winterbottom, Trans. Faraday Soc. 42, 487 
1 mi 
3 A. Rothen, Rev. Sci. Inst. 16, 26 (1945). 
4P. Drude, Wied. Ann. 36, 865 (1889). 
5 H. Hauschild, Ann. d. Physik [4] 63, 816 (1920). 
6L. Tronstad, Kgl. norske Vid. Sels. Skr. Nr. 1 (1931) 
(abridged in Zeits. f. physik. Chemie 158A, 369 (1932); 
see reference 22 for correct equations). 
7G. Szivessy, Handbuch der Physik XX, pp. 240-253 
for other references. 
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material in extremely thin layers, so that in 
either case film absorption could be neglected. 
The case of thicker films of absorbing material 
has also been considered.” * ° 

It should be noted that changes in reflected 
polarized light can be produced by agencies other 
than film formation. Thus, altered polishing or 
burnishing conditions can produce large changes 
in the optical constants of metals.!°!! Some ob- 
jections” to the methods usually employed de- 
serve consideration, though stated at present in 
speculative and non-quantitative form. It is 
safest, when possible, to work with a liquid basis, 
thereby avoiding any possible difficulties from 
surface strains, polarized scattering from surface 
defects, difference between projected and actual 
film thickness, etc. Further objections to the 
method and its interpretation have been raised, 
but apparently are ill-founded." “4 

Apparatus used by various investigators differs 
somewhat in detail. Typically, a surface film 
analyzer comprises a source of light, a filter or 
prism monochromator, a collimating lens, a 
polarizing prism, the sample under test (a flat 
reflecting surface), a compensator provided with 
an ellipticity half-shade, an analyzing prism pro- 
vided with a polarimetric half-shade, and a 
viewing magnifier which gives an enlarged view 
of either half-shade or of the sample surface, at 
the same time condensing the light beam into the 
observer’s pupil. The elements are usually 
mounted on two optical benches which are 
pivoted about an axis lying in the plane of the 
sample. Divided circles and verniers give the 
values of angle of incidence and of the azimuths 
of polarizer, compensator, and analyzer. Alter- 
nately, it is possible to place the compensator 
just following the polarizer, adjusting the ellip- 
ticity to a value such that reflection from the 
sample makes the beam again plane polarized. 


8 C, E. Leberknight and B. Lustman, J. Opt. Soc. Am. 
29, 59 (1939). 

*B. Lustman and R. F. Mehl, Am. Inst. Mining and 
Met. Eng. Trans. 143, Inst. Met. Div. 246 (1941). 

10 J, Conroy, Proc. Roy. Soc. 31, 486 (1881). 

1 P, Drude, Wied Ann. 36, 865 (1889), see also numerous 
earlier articles by Drude in the same journal. 

2H. Schulz and R. Hanemann, Zeits. f. Physik. 16, 200 
(1923); 22, 222 (1924). 

13 R. W. Wood, Physical Optics (The Macmillan Com- 
pany, New York, 1939), third edition, p. 415. 

“FE. Herschkowitsch, Ann. d. Phy sik [5] 10, 993 (1931). 
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Other variants are described in the references 
given, especially by Herschkowitsch." 

The method has been applied to numerous 
problems, such as studies of natural and artificial 
tarnish films on glasses,!® sorption of gases on 
metals," oxidation and other corrosion of metals 
and mineral surfaces,*'*!7 the nature of the 
transition layer between gas and _liquid,!*! 
passivating films,* monomolecular layers of fatty 
acid on water,!* etc. Indeed, a complete bibliogra- 
phy of the subject would contain several hundred 
literature references, many at least as important 
as those quoted here. Bibliographies in the 
references given will serve as guides to the others. 

As to the interpretation of the results, Adam”? 
observes, with some justice, ‘“The nature of the 
light reflected depends on the structure of the 
films, but the interpretation is so difficult in 
terms of molecules that most writers merely give 
an ‘optical thickness’ for the film, which has an 
unknown relation even to the actual thickness. 
Strachan* has attempted to treat the film as a 
two-dimensional assembly of oriented molecules 
each of which scatters light, but his expressions 
for the optical constants are of such mathe- 
matical complexity that the connection between 
the optical properties and the molecules is not 
easy to understand.” 

Nearly every worker in this field has used 
apparatus fully capable of the precision desired 
for his problem. The somewhat unsatisfactory 
nature of the results obtained by many investi- 
gators therefore results from difficulties of expla- 
nation rather than of technique. Most of the 
workers have used the equations of Drude, or 
similar expressions. These were derived with the 
use of several simplifying assumptions, justifiable 
for the purposes of Drude himself, but leading to 
errors in the results of various other experiments, 
errors which seriously reduce the value of the 
conclusions. Thus, if one is merely trying to see 


16 A, VaSiéek, Phys. Rev. 57, 925 (1940). 

146 P. Drude, Wied Ann. 39, 481 (1890). 

17H, Freundlich, G. Patscheke, and H. Zocher, Zeits. f. 
Physik. Chemie 128A, 321 (1927); 130A, 289 (1927). 

18 J. W. McBain, R. C. Bacon, and H. D. Bruce, J. Chem. 

Phys. 7, 818 (1939). 

19 C, Bouhet, Ann. de physique [10] 15, 5, 102 (1931). 

20N. K. Adam, Physics and Chemistry of Surfaces 
(Clarendon Press, Oxford), third edition, p. 36. 

21C, Strachan, Proc. Camb. Phil. Soc. 29, 116 (1933); 
“19 > i. %. Darwin, Trans. Camb. Phil. Soc. 23, 137 
1924). 
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whether the surface of a mineral is attacked more 
rapidly by damp air than by dry air, discrep- 
ancies of several fold may be tolerable, but if one 
desires the equations relating thickness of film to 
time of exposure, much greater precision is 
necessary. 

The derivation has been given in more or less 
detail many times previously.4~*” The approxi- 
mations used are such that the calculated results 
approach the correct values as the reciprocal of 
the film thickness approaches infinity. However, 
the approach is not asymptotic, and in unfavor- 
able cases not even monotonic. Together with the 
unavoidable inapplicability to thick films, this 
situation has led to the adoption of graphical 
methods! which, for general work, are decidedly 
more tedious than algebraic methods, though 
sometimes less tedious if the problems to be 
studied fall in a narrow range. 

There is a middle course. It is possible to de- 
velop an explicit algebraic method for calculating 
film constants in which the only approximation 
is the dropping of higher terms in L/A, where L 
is film thickness and \ wave-length of the light 
used. Then, as L/X approaches zero, the calcu- 
lated values approach the true values asymptoti- 
cally. Of course, in any method experimental 
errors become relatively more serious as the film 
becomes thinner. Consequently, there will be a 
range of refractive index and thickness values for 
which a particular computing method gives best 
results. For most of the problems handled by the 
polarized light method, it is desirable to have this 
range extended to films as thin as possible. 

In one approach frequently used, the basis ma- 
terial, film, and outer medium are considered to 
be bounded by parallel planes (Fig. 1a). An inci- 
dent ray is partly reflected, partly refracted. The 
refracted ray, in turn, is similarly divided at the 
film-basis interface. Multiple reflections within 
the film are assumed. The amplitude and phase 
relations for components in and perpendicular to 
the plane of incidence are derived in terms of film 
thickness and optical constants of medium, film, 
and basis. Tables or graphs are then constructed, 
giving expected amplitude and phase relations of 
the summed reflected beam in terms of the 
properties of the incident light for ranges of angle 





2L. Tronstad, Trans. Faraday Soc. 31, 1151 (1935), 
Correcting an error in the equations of reference 6. 
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Fic. 1. Schematic representation of the multiple re- 
flection to be expected (on the basis of geometrical optics) 
within an ideal plane-parallel film (1a) and within a film 
closer to the form actually existing on polished metal (1b). 


of incidence, wave-length, and film constants. 
Knowing the constants for medium and basis, 
and observing the actual properties of the re- 
flected beam, one may, by successive approxima- 
tions and interpolation, in most cases arrive at 
values of film thickness and refractive index. The 
precision depends, inter alia, upon the precision 
of the graphs and tables. To prepare these so as 
to cover any very wide range of conditions is a 
decidedly tedious matter, especially if fairly pre- 
cise results are desired for polished metal bases. 
Slight differences in polishing conditions cause 
every specimen to differ from every other. For 
films of thickness more than about 100A such 
interpolation methods are the only ones avail- 
able, but problems involving films of less thick- 
ness (and these are very numerous) are preferably 
handled algebraically. 

A straightforward application of the multiple- 
reflection method meets with difficulties when the 
interfaces are not true planes. Electron micro- 
graphs of silica replicas of optically flat polished 
metal mirrors, for example, reveal innumerable 
pits and scratches, with rounded areas of flowed 
metal between. If angles of reflection and refrac- 
tion were to be calculated by geometrical optics, 
the situation would be that shown in Fig. 1b, 
where the path length within the film is highly 
uncertain, and where a ray may even leave the 
film and re-enter it. It is a matter of experience 
that when the interfacial irregularities are small 
with respect to the wave-length of incident light, 
the diffusion suggested by Fig. 1b does not 
actually occur. 

It is therefore conceptually preferable to treat 
the film material and the basis material as 
distributions of polarizable matter, sending out 
light waves under the influence of the incident 
beam. Interference then produces the observed 
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phenomena. It is preferable, in short, to apply 
electromagnetic theory to the problem. 

In this treatment, because of the superposition 
principle, irregularities small with respect to the 
wave-length do not matter unless they form a 
porous structure: pores small with respect to the 
wave-length lower the effective refractive index. 

The electromagnetic derivation has already 
been carried part way with the desired pre- 
cision.**-25 The procedure is to start from 
Maxwell’s equations, derive the appropriate 
boundary conditions, express the amplitudes of 
incident, refracted, and reflected beams in simul- 
taneous equations, expand, collect, eliminate the 
data for the refracted beam, and express the con- 
stants of the reflected light for the case of basis 
plus film in terms of the constants for bare basis 
material plus a correction factor, where the latter 
involves the film constants, and finally to obtain 
an explicit solution for the film constants in 
terms of instrument readings. 

Work of earlier investigators has brought the 
process to the stage in which the correction factor 
has been derived before introduction of approxi- 
mations other than the neglect of higher terms in 
L/x. The notation of Born? for the correction 
factor @ is 

A4nL (€1)4eon cos¢ sin’ 


Fre mom, =I) 
No €2—€1 €2 COS*P—e, Sin*d 





where 
n =€+ €1€2/E— €1— €2. (2) 


L is film thickness, \» is the vacuum wave-length 
of the light used, ¢ is the angle of incidence, ¢: is 
the dielectric constant of the surrounding me- 
dium, €2 is that of the basis material, and é and é 
are effective averages of the film dielectric con- 
stant for electric fields in perpendicular direc- 
tions. The last two quantities will, in the follow- 
ing, be taken as the same and equal to e, since the 
derivation of the present paper is intended to 
apply to practically isotropic film materials only. 
Drude and Tronstad proceed to neglect ¢; sin’¢, 
but this term will be retained in the present 
derivation. 

*P. Drude, Lehrbuch der Optik (Leipzig, 1900), p. 266. 

* P, Drude, Theory of Optics (translated by Mann and 
Millikan), pp. 287-291. 

% M. Born, Optik (Verlag, Julius Springer, Berlin, 1933), 


p. 36, reprinted by Edwards Brothers, Ann Arbor, Michi- 
gan, 1943. . 
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Division of numerator and denominator by 
cos*@ changes (1) to 


A4rL (e€:)'e2n sing tang 
o=—- . . (3) 
No €2—€1 €2—€; tan’ 





Introducing (2) in (1) and collecting, we have 
(€1)4e2(€2—€1) (e—€2) 
€(€2 —€1) (€2—€1 tan’¢) 
with (4) 
4rL 
C =—— sing tan¢. 


0 





Further compactness results from setting 


(e:)'(e—e1) 
pa : (5) 


Then, 


CDe2(e—€2) 
c= ; (6) 
(€2 —€1) (€2 —€, tan’) 





When the basis material is strongly absorbing, 
as in the case of reflection from a metal, it is best 
to take €2 as complex. In place of the Maxwell 


relation ¢€:!=n, it is then customary to set 
€22=n2—tk or €2!=n2(1—7k), (7) 


where 1 is the real part of the refractive index, 
expressing the ratio of phase speeds, as usual, and 
k is the absorption coefficient. Squaring both 
sides of (7) gives 


€2 =n? — k* — 2ink. (8) 
For compactness, introduce 
a=n?—k?=n?(1—x«), B=2nk=2n?x. (9) 
That is, write ¢.=a+78. Then 
CD(a—1B)(e— a+) 


ae (a—i8 —€1)(a—iB—e, tan’d) 





(10) 


It is possible to carry e; explicitly in the further 
work, and necessary to do so if experiments are 
to be made on samples immersed in a transparent 
liquid, but since the numerical examples below 
refer to air as the first medium, €; will be set 
equal to unity in the following. Further abbrevia- 
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tions are convenient: 





a—1=p, a—tan*¢=q. (11) 


The factor for rationalizing the denominator is 


(p+128) (qg+78) = pq+1p6 +1296 — B?. 


This may be written r+7s, where 


r=pq—P’, 
s=B(p+4). (12) 


The rationalized denominator is then simply 
r+, while the numerator consists of a real part: 


e(ar+ Bs) + (6?—a*)r—2aBs, 
and an imaginary part: 
iL e(as — Br) + (6? —a*)s+2apr |, 


each multiplied by CD. Again for compactness, 
set 


CD/(r?+5s?)=LA, (13) 


where L is, as noted, the film thickness. 

The effect of reflection from the filmed sample 
is described by the expression tanye**. Here tany 
is the relative attenuation in amplitude suffered 
by components perpendicular and parallel to the 
plane of incidence, and A is the phase difference of 
the components in the elliptical beam. For a 
fuller discussion, see below, and see also refer- 
ences 2, 5-7, 13 (p. 542), etc. The state of the 
light beam reflected by the sample in the absence 
of the film in question is, similarly, described 
by tany’e*4’. The quotient of these two quanti- 
ties is?5 





tanye‘4/tany’e“’ =1+10+---. (14) 

The left side of (14) may alternatively be written 
tany 

ei(a-a), (15) 
tany’ 


In the Drude-Tronstad formulation,®” this is 
replaced by an approximation. The exponential 
is expanded and terms after the first in A— A’ are 
dropped. The quotient of tangents is replaced by 
(2¥ —2y’)/sin2y’, so that the equation derived 
from the real parts may be expressed in terms of 
v¥ and y’ alone, and that derived from the 
imaginary parts in terms of A and A’ alone. 

In the present development, however, the 
exponential is exactly expressed by de Moivre’s 





STUDIES OF SURFACE FILMS 





theorem. Then 


tany 


U 





[cos(A—A’)+7 sin(A—A’) ] 
=1+io+-++. (16) 


tany 


Separation of real and imaginary parts gives 


1/LA =[e(as—r)+(6?— at)s-+ 2a] / 


tany 
[1 cos(a—a')| 
tany’ 
and ~ (17) 





1/LA=[e(ar-+Bs) + (6?—a?)r—2aps)] V4 





tany 
tany’ 





sin(—a’) | 
J 


The Eqs. (17) are of the form 


1/LA=aye+),, 
and (18) 
1/LA =d2e+ do. 


Therefore, with the definitions of a and } obvious 
from (17), 

€= (b2—b;)/(a1—a2), (19) 
and L may be found by eliminating ¢« or by 
substitution in either of Eqs. (18): 


L=1/A(aqie+01) = 1/A(a2e+52) 
= (a1—42)/A(aib2—a2b1). (20) 


The square root of the film dielectric constant is 
the film refractive index: 


n=}. (21) 


From the definitions of C and D above, it follows 
that 





4 sing tang e—1 


22 
Ar2+s2) € —" 


Because of the factor (e—1)/e in A, plots of 
1/L against e according to (17) are hyperbolae 
intersecting trivially at 1/L=0, e=1, and at 
some other point which is the desired solution. 
When the curves intersect at a very small angle, 
a slight error in the slopes of the curves near the 
intersection point will seriously affect ¢« even 


Fic. 2. Alternate arrangements of essential elements 
of surface-film analyzer. 


though the error makes little difference in L. 
Crudities of approximation will have the same 
effect. It is desirable to choose experimental! con- 
ditions, when time for varying them is available, 
in such a way that the curves intersect at as large 
an angle as possible. 
If the quotient in (15) had been formed the 
other side up, namely, as 
tany’ 


exp7(A’—A), (23) 
tany 


which is equally legitimate, the right side of (16) 
would become 1—io+---, changing the denomi- 
nators in (17) so that 


+ 


1/LA =[e(as— Br) + (6?—a)s-+ 2aBr] / 


| 
tany 


cos(A’ — A) — i} 


1/LA = —[e(ar-+Bs)-+(#—a2)r—2aps] / 


t / 
| wi sin(A’— a) 


tany 





The terms discarded in this case differ from those 
discarded in (16): it is not quite true to say that 
1—o0=1/(1+<c). With a given set of experimental 
data, values of « and LZ determined by (17) will 
accordingly differ slightly from those found with 
(24). Because higher terms in L/) were discarded 
at several other points in the derivation, it is not 
possible to say a priori whether (17) or (24) will 
give best results in a given case. Calibration ex- 
periments on known films may show, for instance, 
that (17) applies better than (24) with film 
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materials of low refractive index, making (24) 
preferable for film material of high index. 

To use these equations, the experimenter may 
treat his data in the manner of Tronstad.* Assume 
an instrument (Fig. 2) containing a polarizer, 
analyzer, and de Sénarmont compensator (the 
last being a mica plate of constant retardation, 
rotatable in azimuth). Obtain compensation for 
the unfilmed surface. Define the azimuths as 
follows: let the polarizer be in null position when 
the electric vector of the transmitted light is in 
the plane of the sample (thus perpendicular to the 
plane of incidence), let the analyzer be in null 
position when extinguishing the light from the 
polarizer so set, and let the compensator be in 
null position when the fast direction of the mica 
is in the plane of incidence. Designate these 
azimuths, respectively, as P, A, and Q. This J is, 
of course, not to be confused with the A of 
Eq. (22). 

If the reflected components are equally attenu- 
ated, compensation of the phase difference will 
give a plane vibration with azimuth @ defined 
below. Call the retardation of the compensator 6. 
Then,!’ expressing the difference between polar- 
izer and compensator azimuths as PQ, 


cos2@=cos2PQ cos2Q+sin2PQ sin2Q cosé. (25) 
This defines @. Further, 
sind’ =sin2PQ siné/sin28, (26) 


where A’ is the phase difference of the components 
in the elliptically polarized beam, referring to 
axes parallel and perpendicular to the plane of 
incidence. As in (17) and (24), this phase differ- 
ence, referring as it does to the unfilmed sample, 
is called A’, while A is the analogous quantity for 
the filmed sample. Also calculate 


tany’ = tané/tanA. (27) 
Then, approximately, 


x=sind’ tan2y’, (28) 
n=sing tand cos2y’/(1+cosA’ sin2y’). 


These are the customary definitions. In the 
derivation of (28), sin’? was neglected at one 
point relative to the modulus of ¢2. This approxi- 
mation is nominally of the same order as Drude’s 
neglect of e€,sin’@ relative to ¢€2cos’¢ in his 
derivation of the film equations, but insertion of 
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TABLE I. Comparison of polarizer azimuth P, com- 
pensator azimuth Q, and analyzer azimuth A, for thin 
films of ferric oxide on steel after different times of treat- 
ment. (Wave-length 5461A, bath Na2SO,-NaOH, pH 13.4, 
85°C, work anodic, current density 12 amp./dm?, rinse 
water vacuum distilled and collected under nitrogen, used 
boiling, sample dried hot in nitrogen at reduced pressure, 
measured in nitrogen.) 








Period of treatment 
(seconds) Q A 


0 5 19° 07’ —47° 20’ 
10 : 18° 48’ — 47° 30’ 


(Repolished) 
0 





—47° 52’ 
—48° 11’ 


i 19° 36’ 
20 18° 58’ 








experimental data shows that it is in most cases 
much less serious in magnitude. It affects the film 
equations slightly but unsymmetrically, and the 
investigator may prefer to use the much more 
complicated exact formulae.** Readings on the 
filmed sample similarly yield tany and A for 
substitution in the film equations. With and x, 
the investigator then computes (9), (11), and 
(12). Since ¢, the angle of incidence, is read from 
the instrument dial, all the quantities necessary 
for calculating ¢ and L are at hand. Substitution 
into (17) or (24), followed by evaluation of (20) 
and (22), solves the problem. Methods giving a 
less closely approximate result require nearly as 
much time. At the expense of lowered precision, 
the saving is seldom worth while. 

Tronstad’s solution may be recast into com- 
parable form. Let 


4n cos@ sin*p e—1 


“* (cos*p—a)?--a’? € 





=B, (29) 


1—k? 
a=— —, (30) 
n?(1+x?)? 


, 2k 31) 
a’ = —_—__—_, 
n?(1+x?)? 


Here a and a’ are quantities introduced by Drude 


and are not related to the a defined in (11). 
Tronstad’s equations” corresponding to (17) then 


*6 Handbuch der Physik, Vol. 20, pp. 240-245 ; O. Wiener, 
(sce Math.-Phys. KI. d. Sachs. Ges. d. Wiss. 30, 495 


TaBLE II. Evaluation by four different equations of 
refractive index, n, and thickness of film, LZ, for the films 
of Table I. 








Period . , 
of Equations 
treat- (17) (24) (32) Drude! 
ment L n L n } Be n iL 


10 sec. 3. 2.82A 3.34 281A 3.17 3.06A 3.07 5.26A 
20 sec. ‘ 5.56 3.28 5.82 3.18 5.99 3.08 10.15 











become 


1/LB=— 


———a’' (e cos*@ — 1) =aye+-dj, 
2(y—-y’) 

1 32 
1/LB= (82) 


[e(a cos*¢ — a?— a?) 


, 
+a —cos’¢ } = d+ do, 
whence 


€= (b2—b1)/(a1—a2), 


L=1/B(a,e+6;) =1/B(ad2e+52). (33) 


The form of the solution is the same as that of the 
present paper, but the coefficients differ from 
those of (18). 

Graphical determination of A and y is possible. 
While slower and less precise than the analytical 
method, it gives a clearer description of the 
phenomenon and is a help in selecting plus 
and minus signs. A single example (following 
Tronstad®) is given in Fig. 3. 

The instrument is assumed to be of the type 
shown in Fig. 2b, with polarizer, mica com- 
pensator, sample, and analyzer in sequence. In 
the Stanford instrument, the sample is horizontal, 
while incident and reflected light beams lie in a 
vertical plane. To an observer of the oncoming 
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Fic. 3. Graphical determination of phase shift and 
relative amplitude weakening when plane-polarized light 
is reflected from steel. 
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light, azimuth angles are positive counter- 
clockwise, by the usual convention, but are taken 
as zero in the vertical plane of incidence. The 
diagram is drawn by laying out horizontal and 
vertical axes, then drawing P as chosen and Q as 
found in an experiment. The slow direction of the 
mica is also drawn. From an arbitrary point on 
OP, perpendiculars are dropped to the compen- 
sator axes. The segments thus delimited are 
divided from 0° to 90° by a sine scale. OP repre- 
sents light leaving the polarizer. This is decom- 
posed by the compensator, which in this case has 
a retardation of 100°, and is thus approximately a 
quarter-wave plate. After passing the compen- 
sator, the components recombine with this phase 
difference, giving the ellipse shown. Relative to 
any other axes, this same ellipse represents com- 
ponents with a different phase difference. In 
particular, relative to the plane of incidence, the 
retardation is A, which may be read from a sine 
scale of degrees on the vertical axis. This phase 
difference is removed by reflection from the 
sample, and the horizontal and vertical compo- 
nents would recombine to give plane-polarized 
light in azimuth 8, if it were not for the fact that 
the vertical component is more attenuated than 
the horizontal one. The vibration plane of the 
reflected light actually, therefore, has the azimuth 
A, from which y is found by (27). 

In conclusion, some numerical examples will be 
given to illustrate the magnitude of the dis- 
crepancies between results obtained with the 
various equations, using data of Table I. 

The differences between (24) and (32) are not 
so great as they may appear. In favorable cases, 
close agreement is found between results calcu- 
lated by the two systems from a given set of 
experimental data. One favorable case is that of 
a thin ferric oxide film on steel: the refractive 
index is high, the difference between y and y’ is 
relatively large, while cos(A—A’) is very close to 
unity. In consequence, Tronstad’s omissions and 
approximations have little effect on the answer. 
The equations of Drude" omit three more terms, 
namely, those making up the coefficient a: in 
(32). It is true that these are individually small. 
On the other hand, all have the same sign (a is 
negative for steel) and are multiplied by e, which 
here has a large numerical value. As a result, de 
in the present case is not much smaller than de. 
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The value of L, the film thickness, largely de- 
termined by the A equation, is brought out much 
too high by the Drude equation. Table II gives 
the comparison. It will be noted that the re- 
fractive indices are close to that of bulk ferric 
oxide. The latter, measured on the same instru- 
ment, is 7=3.19 for the wave-length used. 

Since the differences in azimuth angles are 
known to only two figures, with the second some- 
what uncertain, the third figure in the results is 
not significant, but is retained to facilitate com- 
parisons. It is seen that (17) and (24) give 
identical results with the thinner film, but that 
neglect of higher terms makes a_ perceptible 
difference in the case of the thicker film. 

The data in the tables refer to a mirror of low 
carbon steel, polished metallographically, then 
alternately etched with a mixture of acetic and 
hydrochloric acids, rinsed, and polished on paper 
with Barnesite 85 in kerosene. This alternation of 
etching and polishing removes inclusions and 
intergranular material and partially spreads the 
ferrite across the pits and crevices so formed. If 
etching is not performed, specks of impurity pull 
out and scratch the ferrite. As the final step, the 
mirror was polished for two minutes with 
Barnesite in dilute aqueous trisodium phosphate, 
rinsed, and dried in vacuum. On the basis of 
previous work" this mirror probably bore a layer 
of oxide about one molecule thick. Exposed to 
dry air, a mirror so treated required about four 
hours to develop a further monomolecular layer 
of oxide. 

A much greater rate of oxidation resulted from 
anodic treatment at 12 amp./dm? in an alkaline 
bath. As the tables show, oxide was formed 
electrolytically at the rate of approximately six 
molecular layers per minute. After anodizing, the 
mirror was rinsed quickly in two changes of 
boiling water and dried in nitrogen at reduced 
pressure. The water used had been distilled 
(without boiling) in the absence of air and 
collected under nitrogen. Practically all of 
the oxide, therefore, was that electrolytically 
produced. 

For thicker films, when cos(A— A’) differs more 
from unity, and, in general, when the conditions 
are less favorable for the validity of the Drude- 
Tronstad approximations, wider discrepancies 
than those shown in Table II are to be expected. 
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An X-Ray Study of the Stepwise Melting of Anhydrous Sodium Palmitate* 
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(Received October 3, 1947) 


X-ray powder patterns on anhydrous sodium palmitate show that the five phases already 


known to occur between crystal and isotropic melt can be grouped into two basic structures. 
Both structures are liquid crystalline, i.e., crystalline in the direction of the long spacing and 
liquid-like laterally. Between the lower temperature ‘‘waxy”’ structure, which includes the 
previously known subwaxy, waxy, and superwaxy phases, and the higher temperature “neat” 
structure, which includes subneat and neat, there is a pronounced break in the curve of long 
spacing vs. temperature; in addition, the three waxy phases exhibit two diffuse short spacing 
rings, whereas the neat phases exhibit only one. These pattern differences lead to the interpre- 
tation that the waxy phases contain structural restraints on molecular position and motion not 


present in the neat phases. 





I. INTRODUCTION 


HE present paper describes an x-ray study 

of the progressive melting behavior of an- 
hydrous sodium palmitate. Previously, six phase 
transitions have been reported to occur in anhy- 
drous sodium palmitate between the crystalline 
state and isotropic melt. The present study was 
carried out more to investigate the structure of 
these high temperature phases than to check 
previous transition temperatures. The data to be 
presented show that, as the soap is heated, it 
transforms from the fully crystalline state to the 
isotropic liquid state, or ‘“‘nigre,’’ by way of two 
intermediate basic structures, one of which em- 
braces the three waxy phases (subwaxy, waxy, 
and superwaxy) and the other the two neat 
phases (neat and subneat). 

For background, Table I lists chronologically 
the transition temperatures obtained by various 
recent investigators and the experimental meth- 
ods used. Vold, Rosevear, and Ferguson,! who 
discuss the work prior to 1939, report the deter- 
mination of four transition temperatures found 
by the dilatometer and polarizing microscope. 
These results are corroborated, with slight differ- 
ences in transition temperatures, by Vold and 
Vold? who, in addition, resolved the waxy phase 
into two phases, subwaxy and waxy. These same 





_* Presented at the meeting of the American Society for 
X-ray and Electron Diffraction, December 5, 1946, Pitts- 
burgh, Pennsylvania. 

1R. D. Vold, F. B. Rosevear, and R. H. Ferguson, Oil 
and Soap 16, 48 (1939). 
(1939) J. Vold and R. D. Vold, J. Am. Chem. Soc. 61, 808 
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investigators? later discovered with the dilatome- 
ter and the hot wire microscope technique of 
Bernal‘ the waxy-superwaxy transition at 172°C, 
bringing the total of waxy phases to three. 
Chesley® examined the melting behavior of anhy- 
drous sodium palmitate by taking x-ray patterns 
from room temperature up to 300°C and listed 
all of the previously described transitions, except 
the waxy-superwaxy one at 172°C. Finally, R. 
D. Vold® applied a differential calorimeter tech- 
nique to the problem and found all of the transi- 
tions except the waxy-superwaxy one at 172°C. 
Thus, the phase sequence on heating is crystal, 
subwaxy, waxy, superwaxy, subneat, neat, and, 
finally, isotropic liquid or nigre above 295°C. 


II, X-RAY EVIDENCE ON THE HIGH 
TEMPERATURE PHASES 


In Fig. 1 are reproduced illustrative x-ray 
powder patterns of each of the phases formed as 
anhydrous sodium palmitate is heated to the 
temperatures indicated in the figure. Exact repro- 
duction of the patterns in such a figure is difficult, 
so that most of the details are dealt with graph- 
ically in Fig. 2. Nevertheless, certain features 
should be noted: (a) The long spacing rings are 
grouped near the center of the pattern and the 
short spacing rings farther out. (b) There are 

3 R. D. Vold, Soap and Sanitary Chemicals (June, 1940); 
M. J. Vold, J. Am. Chem. Soc. 63, 160 (1941). 

4]. D. Bernal and D. Crowfoot, Trans. Faraday Soc. 29, 
1032 (1933). 

5F. G. Chesley, M. S. Thesis, M.I.T. (1940); J. Chem. 


Phys. 8, 643 (1940). 
®R. D. Vold, J. Am. Chem. Soc. 63, 2915 (1941). 
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TABLE I. Phase transitions on heating anhydrous 
sodium palmitate. 








Vold, 
Rosevear, 
and Vold and 
Ferguson Vold Chesley  R. D. Vold 
Reference (1939) (1939) (1940)4 (1941)e 


Dilatometer 
Dilatometer Dilatometer and micro- 
an and scope hot : 
Method microscope microscope wire X-ray § Calorimeter 


Phase Transition temperatures, °C 





Crystal 
” 117 117 


135 138 
172 _~ 
208 205 
253 257 
295 290 


Subwaxy 
Waxy 
Superwaxy 
Subneat 
Neat 
Nigre 








4 See reference 5. 


® See reference 1. ee : 
e reference 6. 


> See reference 2. 

© See reference 3. 
several sharp short spacing rings up to 110°C; 
at the higher temperatures, any short spacings 
are diffuse. (c) The patterns of the three waxy 
phases (subwaxy, waxy, and superwaxy) are 
similar. (d) The patterns of the two neat phases 
(neat and subneat) are similar. (e) The long 
spacing rings of all the phases except nigre are 
sharp. 

Figure 2 shows diagrammatically the depend- 
ence of x-ray pattern on temperature as anhy- 
drous sodium palmitate is heated. The transition 
temperatures (Table I) are indicated by the 
vertical lines. These data, coupled with certain 
features displayed in Fig. 1, lead to the following 
description of the various phases. 


The Crystalline Region 


In the present work the starting material was 
omega phase, which is the crystalline phase ob- 
tained on cooling the anhydrous soap from the 
subwaxy or higher regions to room temperature. 
Below 117°C the soap remains essentially crystal- 
line, as shown by the several sharp diffractions 
in Fig. 1. The relatively slight change in the long 
spacing and the strongest short spacing between 
25°C and 110°C indicates that omega phase 
persists, any differences in these and other spac- 
ings being possibly the result of Thiessen’s’ geno- 
typical effect, or of Chesley’s® change at 67°, or 


7P. A. Thiessen and Eva Ehrlich, Zeits. f. physik. 
Chemie A165, 453, 464 (1933). 


of simple thermal expansion. Since, on the basis 
of the evidence in Figs. 1 and 2, there can be no 
doubt as to the existence of a discontinuity near 
120°, and since the details of behavior in the 
crystalline region are not the concern of this 
paper, the pairs of points at 25° and 110° are 
deemed sufficient. 


The Waxy Phases 


On the basis of the x-ray evidence, the sub- 
waxy, waxy, and superwaxy phases appear to fall 
into one inclusive structural group. Specifically, 
all three phases exhibit sharp long spacing rings 
and two diffuse short spacing halos. In addition, 
the long spacings of all three phases lie on the 
same curve for spacing versus temperature; the 
short spacings, though diffuse, likewise appear to 
fall on continuous curves. The above curve for 
long spacing versus temperature and the presence 
of two diffuse short spacings serve to distinguish 
the waxy structure from the crystalline phase, 
which exhibits several sharp, short spacing rings 
and long spacing curve which is discontinuous 
with that of the waxy structure, and from the 
neat structure, which exhibits only a single, 
diffuse, short spacing ring and a separate curve 
for long spacing versus temperature. An addi- 
tional distinction between the waxy and crystal- 
line structures is furnished by the intensity se- 
quence of the long spacing rings (Fig. 1); these 
rings in the case of the waxy phases show a pro- 
gressive decrease in intensity with order, while 
the crystal phase exhibits long spacing rings with 
odd orders strong. 

By way of interpretation, the waxy structure 
can be described as liquid crystalline, i.e., crystal- 
line in the long spacing direction because the 
long spacings are sharp, and liquid or amorphous 
laterally because the short spacings, at 2.9 and 
4.8A, are diffuse. The halo at 4.8A probably 
represents the average lateral separation of the 
hydrocarbon chains in a loose hexagonal packing, 
and the halo at 2.9A indicates an additional 
structural restriction such as an average common 
orientation of the dipolar end groups of the soap 
molecules. This restriction of molecular motion 
may account for the stiffness of the waxy phases. 
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Fic. 1. X-ray patterns of the high temperature phases of anhydrous sodium palmitate. 


The Neat Phases 


As in the waxy phases, the subneat and neat 
phases appear to belong to an inclusive basic 
structure, to judge by the x-ray evidence. Both 
phases share a common curve for long spacing 
versus temperature.** Furthermore, both show 
only a single, diffuse, short spacing ring, the 2.9A 
ring of the waxy phases having disappeared in 
the transition to subneat. 

The distinction of the neat structure from the 
adjacent waxy structure is discussed in the pre- 
ceding section. The distinction between the neat 
and the nigre phases is less clear cut on the basis 


** In connection with the long spacings of the neat phases, 
several anomalous long spacings of weaker intensity and 
fewer orders than the main long spacing have been ob- 
served. These are plotted as filled circles in Fig. 2. No 
really satisfactory explanation for these spacings is known. 
It is thought that they might arise from planes of Miller 
indices other than 00/. Regardless of the origin of these 
weaker, anomalous long spacings, the experimental fact of 
the discontinuities in long spacing at the waxy-neat and 
neat-nigre transitions remains real. For the time being we 
have limited the interpretations in this paper to a consider- 
ation of the more intense, continuously variable, long 
spacing of the neat phases, as indicated by the straight line 
through the neat region in Fig. 2. 


of x-ray pattern alone, although there seems to 
be a definite discontinuity in long spacing. The 
chief pattern difference lies in the character of 
the long spacing diffractions (Fig. 1); the neat 
phases exhibit three or four relatively sharp 
orders of the long spacing, whereas the nigre 
phase exhibits only two rather diffuse long spac- 
ing orders. This information and the microscopic 
observation that neat is anisotropic while nigre 
is isotropic, plus the great difference in fluidity 
(neat being relatively viscous while nigre is a 
mobile liquid), all contribute to the distinction 
of the neat phases from nigre. 

Structurally the neat phases can be described 
as crystalline in the long spacing direction, and 
liquid or amorphous laterally. This description 
characterizes the smectic state and is in accord 
with the microscopic identification of anhydrous 
neat soap as smectic by means of the distinctive 
batonnets and focal conic texture. As in the waxy 
phases, the diffuse halo at 4.9A probably repre- 
sents the average interchain distance in a loose 
hexagonally packed structure. However, since 
the neat phases exhibit only one short spacing 
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halo, the chains in the neat structure may be 
either rotating or in states of frozen rotation. 
This suggests a possible difference between the 
subneat and neat phases on the basis of frozen 
rotation in subneat and actual rotation in the 
less viscous neat. 

The above structural descriptions of the waxy 
and the neat structures would account on a mo- 
lecular basis for the greater fluidity of the neat 
phases over the waxy phases. 


The Nigre Phase 


The nigre pattern has already been described 
and discussed. Nigre is an isotropic liquid, and 
the long spacing diffractions which it exhibits 
probably arise from short range, one-dimensional 
order within particles or micelles too small to be 
detected with the light microscope. As in neat, 
the single diffuse short spacing ring probably 
arises from the lateral separation of the molecules. 


Relation to Data from Other Methods 


The x-ray data and structural interpretations 
just presented, while by no means invalidating 
the first-order transitions previously detected by 
dilatometer, microscope, and calorimeter, suggest 
that there is one basic waxy structure which em- 
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braces the three waxy phases and, similarly, that 
there is one basic neat structure which includes 
subneat and neat. This raises the question as to 
why the subwaxy-waxy, the waxy-superwaxy, 
and the subneat-neat discontinuities are not evi- 
dent in the curves for x-ray spacing versus tem- 
perature. An explanation consistent with both 
x-ray and other evidence is that the phases 
within each basic structure are actually different 
and related by a first-order transition, as shown 
by the dilatometric and other discontinuities, but 
possess structures which lead to identical x-ray 
patterns. An example of such a situation is the 
frozen and free rotation postulated above for the 
subneat and neat phases. Alternatively, there is 
a real but relatively slight pattern difference 
which the present x-ray technique cannot detect. 
However, even if breaks should be revealed 
within the basic waxy and neat regions by more 
precise x-ray technique, they can be only minor 
compared with the break between these two 
regions. 


III. CORRELATION WITH PREVIOUS 
X-RAY DATA 


The data of Chesley® have been indicated in 
Table I. He reported all of the transition tem- 
peratures, except the waxy to superwaxy one, on 
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the basis of changes in x-ray pattern. The x-ray 
data of the present paper indicate that the transi- 
tions among the waxy phases and between the 
neat phases are accompanied by a continuous 
x-ray pattern variation, and therefore the x-ray 
method cannot be used to determine these transi- 
tion temperatures. Unfortunately, there are not 
enough detailed x-ray data in either Chesley’s 
publication or his thesis to make possible a com- 
parison of his data with ours. 

DeBretteville and McBain® presented x-ray 
data on the high temperature phases of anhy- 
drous sodium stearate which can be compared 
with the present data on palmitate. To begin 
with, deBretteville and McBain did not find the 
differences in short spacing between the waxy 
phases and the neat phases which have just been 
presented. In fact, they concluded that the sub- 
waxy and waxy phases were definitely crystalline 
and that the superwaxy phase more nearly re- 
sembled the neat phases. Neither of these con- 
clusions is in accord with the data just presented. 

A comparison of their long spacing data for 
anhydrous sodium stearate and the present data 
on palmitate is shown in Fig. 3. This figure is 
similar to Fig. 2 except that it shows long spacing 
data only. The solid lines are the data of this 
paper, reproduced from Fig. 2, and the dashed 
curve represents the data of deBretteville and 





* Alexander deBretteville, Jr. and J. W. McBain, de- 
Bretteville Ph.D. Thesis, Stanford University (1941); J. 
Chem. Phys. 11, 426 (1943). 


Temperature,°C 


36, 748 (1944). 
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McBain on sodium stearate. The half-filled 
squares and circles represent the sodium stearate 
data scaled down to sodium palmitate by assum- 
ing each long spacing quoted to equal c sin8 and 
and substituting 44.6A, the experimentally de- 
termined c length of the sodium palmitate double 
molecule, instead of 51.4A, the c value for sodium 
stearate.® These derived data, through which the 
dotted curve has been drawn, should be directly 
comparable with the present data except for 
differences in transition temperatures between 
palmitate and stearate. 

It will be seen that the long spacing data on 
sodium stearate cannot be grouped into separate 
straight lines for the three waxy phases and the 
two neat phases. There is need for more data on 
anhydrous sodium stearate because a minimum 
of two patterns is required for each phase to test 
the continuity or discontinuity of the long spac- 
ing variation. There is qualitative agreement 
with our data as regards the break at 117°C, 
which is the crystal-to-subwaxy transition, and 
at 170 and 270°C in the waxy and neat regions 
respectively. In the absence of further experi- 
mental data, the discrepancies at other tempera- 
tures may be accounted for by lack of complete 
conversion in their samples or by the differences 
between palmitate and stearate. 


9R. H. Ferguson and H. Nordsieck, Ind. Eng. Chem. 
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Bolduan, McBain, and Ross!° published x-ray 
fiber patterns of Na palmitate as supercurd at 
85°C, subwaxy at 120°C, and waxy at 155°C. 
Their long spacing data also appear in Fig. 3. 
The point at 85°C probably corresponds to beta- 
phase because a correction for the known differ- 
. ence (42.1—40.2A)® in long spacing between 
beta- and omega-phases brings their value into 
fair agreement with ours. Incidentally, the exist- 
ence of beta-phase at 85°C probably requires 
that the sample be partly hydrated. This is in 
keeping with the fact that the samples used by 
Bolduan, McBain, and Ross were fibers grown 
in a hydrous system. 

Their subwaxy long spacing at 120°C indicates 
that the sample was incompletely converted and 
therefore contained some crystal. This interpre- 
tation is supported by the fact that Bolduan, 
McBain, and Ross found ‘“‘definite crystallinity”’ 
at 120°C, contrary to the findings of this paper. 
Incomplete conversion is a real danger here be- 
cause it takes about 2 hours for crystal to convert 
completely to subwaxy at 120°C even in a small, 
capillary x-ray sample. The discrepancy in long 
spacing at 155°C, together with the existence 
once more of “‘definite crystallinity,’’ may again 
be the result of incomplete conversion. 


IV. MATERIALS AND METHODS 


The sodium palmitate used in this work was 
made by saponification of palmitic acid (Eastman 
Kodak Company) with reagent grade sodium 
hydroxide in alcohol solution followed by oven 
drying to constant weight at 150°C. This treat- 
ment results in omega-phase at room tempera- 
ture. The palmitic acid had an acid value of 215.5 
and saponification value of 216.2 from which the 


100, E. A. Bolduan, J. W. McBain, and S. Ross, J. 
Phys. Chem. 47, 528 (1943). 
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molecular weight is calculated to be 259.2 com- 
pared with the molecular weight of pure palmitic 
acid of 256.4. 

X-ray patterns were recorded on flat film at 
10 cm from the sample, using copper Ka radia- 
tion. By this technique the accuracy of the long 
spacing measurements is, on the average, +0.5A 
for the various orders of a given spacing; the 
short spacings, even though diffuse, are accurate 
within +0.1A (estimated). The sample was en- 
closed in a Pyrex glass capillary about 1 mm in 
diameter with a wall thickness of about 0.05 mm 
and heated in a small furnace attached to the 
catcher part of the x-ray collimating system. The 
heating furnace consists of a copper block, 
134X}”, suitably wound with Nichrome re- 
sistance wire and insulated with mica and as- 
bestos. The sample capillary is placed inside a 
longitudinal tunnel through the block, and the 
x-ray beam traverses the sample at right angles 
to the tunnel. Temperature is maintained by 
supplying electrical power to the resistance wind- 
ing. Water cooling of the film is not necessary by 
this technique because the film is 10 cm from the 
sample. The sample temperature is measured by 
means of an iron-constantan thermocouple inside 
the block. No great precision in temperature was 
attempted, so that temperatures are accurate to 
about +2 or 3°C. The time necessary for the 
sample to attain phase equilibrium differs for the 
various phases at the various temperatures so 
that, for each pattern reported here, a sufficient 
preheating time was used before x-raying to in- 
sure that the pattern would undergo no more 
change at each temperature. The preheating 
times were determined by recording successive 
x-ray patterns at 2} cm, after the sample attained 
temperature, until no further change in pattern 
was observed. 
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the BET Constant a,b./b,a,. Hindered Rotation of a Symmetrical Diatomic 
Molecule Near a Surface 
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An approximate study is made of the restricted rotation of a symmetrical diatomic molecule 
near a surface. This makes possible some calculations concerning the BET constant 
C=Rexp(e:—A)/kT, and especially the factor R (which is customarily set equal to unity). 
Cassie has pointed out that if this factor is set equal not to unity but to about 1/50 or even less, 
the low values of the heat of adsorption usually found on putting R=1 in the analysis of data 
are accounted for. The results obtained here indicate, unfortunately, that this factor is of the 
order of, say, 5-10, and that another explanation of the low heats of adsorption mentioned 
above will have to be found. An alternative method of estimating the area occupied per mole- 
cule in a completely filled monolayer is mentioned in an appendix. 

The temperature dependence of the quantity R is of some experimental interest, and a brief 
discussion of this dependence as predicted by the present approximate treatment is included. 





I. INTRODUCTION 


E are presenting in this series of papers!~* 

an approximate statistical theory of mul- 
timolecular adsorption. Statistical analogs of 
the BET constant C have appeared, expressed 
in terms of the energy of adsorption, the par- 
tition function and energy of molecules in the 
liquid state, the partition function of molecules 
in the gas phase, and the partition function of 
molecules in the first adsorbed layer.* There are 
available useful theoretical studies concerning all 
of these quantities except the last. Except for the 
very simplest cases, a really refined study of the 
degrees of freedom (and hence of the partition 
function) of molecules physically adsorbed on a 
surface seems out of the question at present be- 
cause of mathematical difficulties. (The way to 
proceed in principle is quite clear.) The point of 
view of the present paper, therefore, is to try to 
get semiquantitative results which will be helpful 
at least in giving a general understanding of the 
essential features involved. As a start, we confine 
ourselves here, for the most part, to the adsorp- 
tion of symmetrical diatomic molecules. Even 
for this case, as will be seen below, some fairly 
rough approximations are made in order to 





1T. L. Hill, J. Chem. Phys. 14, 263 (1946). 

*T. L. Hill, J. Chem. Phys. 14, 441 (1946). 

*T. L. Hill, J. Chem. Phys. 15, 767 (1947). 

‘A more refined theory must, of course, not assume that 
molecules in all layers save the first have liquid-like 
properties. 
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avoid excessive complications. We hope to con- 
sider more complicated molecules at a later time. 
One incidental question of interest in this con- 
nection is the extent to which a large molecule, 
for example, n-heptane, actually “‘lies flat’’ on a 
surface, and how this property varies with the 
temperature. 


Degrees of Freedom 


The three translational degrees of freedom of 
a monatomic molecule in the gas phase become 
(usually) two translational degrees (motion 
parallel to the surface) and one vibrational degree 
(motion perpendicular to the surface) on physical 
adsorption. In extreme cases (very low tem- 
peratures) the two translational degrees above 
may become? vibrational degrees. 

The three translational, two rotational, and 
one internal vibrational degrees of freedom of a 
symmetrical diatomic molecule become, on physi- 
cal adsorption, two translational, two rotational, 
one internal vibrational, and one vibrational de- 
gree (center of mass) perpendicular to the surface. 
However, the rotational motion will be seriously 
altered by the surface, the surface essentially 
introducing a potential barrier restricting the 
turning over of the molecule. In the extreme case 
of a very high barrier or low temperature the two 
rotational degrees will become effectively one 
degree of planar rotation (rotation of the mole- 
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cule about an axis perpendicular to the surface, 
the molecular axis being parallel to the surface) 
and one degree of vibration (rocking of the 
molecular axis out of a plane parallel to the 
surface). The internal vibrational degree will, of 
course, also be perturbed by the surface, but 
much less strongly. This is because the forces 
introduced by the surface are generally rather 
small compared to the restoring force involved in 
the internal vibration.® 


Model Adopted for Diatomic Molecules 


We adopt the following admittedly approxi- 
mate model in the calculations of this paper. It 
is felt, however, that the model resembles reality 
sufficiently to give results of semiquantitative 
significance from which some definite conclusions 
can be drawn. We ignore the perturbation result- 
ing from the surface on the internal vibrational 
degree of freedom, since this should be a second- 
order effect in most cases. That is, we assume 
that the partition function for this degree of 
freedom is the same as in the gas phase, and that 
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7 « 
Fic. 1. Potential energy surface for U/a. 


5 The frequency, v, of internal vibration for most 
diatomic molecules is of the order of 4X10" sec.~!. The 
frequency of vibration of a molecule perpendicular to a 
surface (caused by surface forces) is of the order of 1X 10” 
sec.~!, In localized adsorption, the frequencies of vibration 
parallel to the surface are of the order of 310" sec.—). 
The latter frequencies are discussed in Section V. 
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the two partition functions will cancel on taking 
ratios. The same assumption is made about the 
electronic partition function. We assume that the 
rotational and internal vibrational motions are 
separable, and we find the rotational properties 
from those of a rigid rotator with the equilibrium 
distance between atoms. In the absence of an 
alternative, we must assume that the van der 
Waals interaction of a diatomic molecule with an 
adsorbent molecule (or atom) can be obtained 
simply by adding the separate interaction caused 
by the two atoms of the diatomic molecule. In 
calculating the van der Waals interaction with 
the entire adsorbent, we integrate in the manner 
of London® instead of using the more refined 
procedure of summation.’ Integration is used 
here because the considerable extra labor in- 
volved in summation is probably not justified 
at present in view of other approximations. In 
performing the integration the surface is assumed 
uniform. That is, we ignore here the (usually 
relatively small) periodic variation in energy of 
adsorption over the surface. For the two degrees 
of freedom parallel to the surface we assume free 
migration (localized adsorption is discussed in 
Section V). A more general partition function’ 
for motion intermediate between free migration 
and localization could easily be substituted here 
(if one makes the implicit approximation that 
motion parallel to the surface is separable from 
other degrees of freedom), but free migration 
is the most important case. 

The above are approximations connected with 
the model. (Even with this model approxima- 
tions must be made in the actual calculations. 
These will be mentioned as they arise.) The fol- 
lowing are restrictions made in the generality of 
the calculations. We shall actually write down 
equations and make calculations only for sym- 
metrical diatomic molecules. The corresponding 
equations for unsymmetrical diatomic molecules 
(and, in fact, for any linear molecule) will be 
obvious. We shall use for the van der Waals 
interaction energy only terms of the form 7° 
and r-”. Other terms could be introduced with- 


6 F, London, Zeits. f. physik Chemie B11, 222 (1930). 

7S. Brunauer, The Adsorption of Gases and Vapors 
(Princeton University Press, Princeton, 1943). In Chapter 
VII there is a detailed discussion of integration versus 
summation for monatomic molecules. 
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out difficulty for interactions not properly repre- 
sented by these expressions. 

For purposes of comparison some calculations 
on monatomic molecules based on the above 
model (where it applies) are also discussed below. 


Il. THE POTENTIAL ENERGY FUNCTION 


Let the surface be the xy plane, with z in- 
creasing in the direction away from the ad- 
sorbent. Consider an atom at a distance z=p 
from the surface. Let the potential energy of 
interaction of this atom with a single molecule 
(or atom) of the adsorbent at a distance r be 


Yo 12 Yo 6 
u=u(—) -2u( =) d (1) 
r r 


We take infinite separation as the zero of energy 
throughout this paper. Suppose there are No 
adsorbent molecules (or atoms) per cc. Then on 
straightforward integration over all values of 
x and y, and those values of z such that z< 0, one 
finds for the total interaction of the atom with 
the adsorbent 
tio’y'*a No Uo’ o'r No 


ih, = -— ; (2) 
45 p° 3p? 





The attractive term was given by London.* Now 
if we have a rigid symmetrical diatomic molecule 
of interatomic distance 2d whose center is a 
distance z (g>d) from the surface, the axis of 
the molecule making an angle 6 (OS @< x) with 
the z axis, then the interaction of the molecule 
with the adsorbent is 


| 1 1 
Lath)? (a—In)3 


1 1 1 
+f + |}: (3) 
15 (a+h,)® (a—h)® 


where @=uoro’tNo/3, a=2/ro, hi=ho cosé, and 
ho=d/ro. Equation (3) follows from Eq. (2) on 
adding the separate energies of interaction of the 
two atoms in the diatomic molecule. It should be 
emphasized that uo and ro characterize the inter- 
action of only one atom of the diatomic molecule 
with a molecule of the adsorbent. 

The function U/a has been calculated and is 
shown in a contour diagram (potential energy 
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Fic. 2. U/a for h=0. 


surface) in Fig. 1. The maximum value of A, in 
any particular case is, of course, Ao (at 6=0). 
The figure is symmetrical about the line h,=0 
because of the symmetry of the molecule, so we 
have omitted negative values of h;. The minimum 
value of U/a is —2.982 and occurs at a=ap 
=(1/5)"”*=0.7647 and 4,=0. The potential 
energy curve along the line 4;=0 (@=7/2) is 
shown in Fig. 2. The energy of adsorption 
(neglecting zero-point energy which is of the 
order of 100 cal./mole) is, according to this 
model, ¢;=2.982a. For a typical numerical case 
(Section V) this turns out to be 2880 cal./mole, 
which is of the correct order of magnitude. 
Using classical language, the physical situation 
associated with the potential energy surface, 
Fig. 1, is the following: the lowest energy occurs 
when the axis of the molecule is parallel (@= 2/2) 
to the surface (the potential energy U is inde- 
pendent of the azimuthal angle ¢g in this model) 
and the molecule is at a distance z=2)=roao 
=0.7647ro from the surface. In order for the 
molecule to turn over, 4; must increase from 
hi=0 to hi=hpo (i.e., @ must decrease from 
6=7/2 to @=0). If the molecule turns over 
staying at the distance a=ap from the surface, 
the potential barrier involved is very large (56 
kcal./mole in the numerical example of Section 
V). However, if the molecule moves away from 
the surface as it turns over, following the valley 
indicated by the dotted line in Fig. 1, the barrier 
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is the minimum barrier Up» hindering rotation 
and is much smaller (1060 cal./mole in the 
example of Section V). This minimum barrier Uo 
is plotted in Fig. 3 as a function of ho. 


Ill. THE PARTITION FUNCTION FOR AN 
ADSORBED MOLECULE 


We desire the partition function for a rigid 
rotator near a surface, with a potential energy 
function given by U(z, @) in Eq. (3). The Hamil- 
tonian is 


Pn aC Ce Co 


- _ (4) 
2M 2M 2M 2I 2IJsin’0 











+ U(z, 6), 


where M is the mass of the molecule and J the 
moment of inertia (J= Md? here). The correct 
procedure is to find the energy levels for such a 
molecule confined to an area @ of the surface by 
solving Schrédinger’s equation for the above 
Hamiltonian, and then form the partition func- 
tion from these energy levels. This procedure 
appears to be impossible even for the present 
approximate model (the quantum-mechanical 
problem is discussed briefly in Appendix I). 
We must therefore turn to an approximate 
method. The approximation used here is the one 
suggested by Pitzer and Gwinn$ for another type 
of problem. It is difficult to say what error is 
involved in using their approximation here. The 
error is no doubt greater than in the more re- 








a 2 A, 3 an we 


Fic. 3. Potential barrier hindering rotation as a fraction 
of the heat of adsorption. 


8K. S. Pitzer and W. D. Gwinn, J. Chem. Phys. 10, 
428 (1942). It might be possible to use in problems of the 
sort being considered in this paper a new approximate 
method suggested by J. O. Halford, J. Chem. Phys. 15, 
4 (1947), based on the Wilson-Sommerfeld quantization 
rule. 
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stricted problem for which the approximation 
was originally designed, but certainly much 
smaller than the errors introduced by the model 
itself (compare the quantum-mechanical—using 
this approximation—and classical calculations of 
the partition function in the numerical example 
of Section V). The approximation is to write the 
partition function f as 


Smecain osc—quantal 





f =ferassical x + (5) 
harmonic osc—classical 
where feiass is the classical partition function 
1 
Jets == f. . » [ exp(—H/kT)dxdydadtd ¢ 
1 
XdpadpApdpedp,, (6) 


and the other factors are partition functions cal- 
culated from the shape of the potential energy 
surface in the neighborhood of the minimum at 
h,=0 and a=ap. 

Let us write down the harmonic oscillator 
expressions first. It may be helpful to refer to 
Appendix I in this connection. We expand U/a 
in a Taylor’s series about a=ao, 4;=0, and find 


U/a= —2.982+68.82[(a—ao)*+hr]+--- (7) 


with no cross product term of the form /i(a— ao) 
(this is obvious from Fig. 1). Using Eq. (7) for 
U/a in Eq. (6), one obtains 
2eMkT 2x(2rIkT)? RT RT 

a 





Suez ose-class — 











h? h hv, hve 
Xexp(2.9828), (8) 
where 
B=a/kT, 
hv, 8.296 6th 
= , (9) 
kT (24MkT)'ror' 
h 8.2966*hd 
2 : (10) 


kT (QaIkT) ton? 
Actually, since J = Md? here, v, =v». From Eq. (8) 
one can write immediately 
2eMkT 2x(2xIkT)! 
h? ' h 
x [1—exp(—hv,/kT) |? 
<[1—exp(—/Ave/kT) } 
Xexp(2.9828). 





Snes osc—quant — 
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TABLE I. Values of the function (8, hy). 
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TABLE II. Values of the function Q(8, fo). 
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: 17420. 17.78 X 108 
0.025 14860. 12.82 X 108 
0.050 1.240 7.86 58.8 9910. 5.53 X 108 
0.100 1.202 6.81 38.0 3530. 0.67 X 108 
0.200 1.144 5.55 20.4 712. 0.02 x 108 
0.300 1.103 5.00 15.31 309. 

0.400 1.076 4.68 12.81 188. 
0.500 1.057 4.51 11.61 142. 








We now find feiss. Integration over x and y 
gives a factor @, over ¢ a factor 27, over pz and 
p, a factor 2rMkT, over pp a factor (27IkT)}, and 
over py, a factor (27IkT)' siné. So we have 


2a MRT Q4r°IkT 
feiass = [ff ftex-cen 
1 


Xexp(—p2/2MkT) sinédédzdp, |. (12) 





The question now arises as to what limits should 
be used for 0, z, and p,. We are interested here in 
an “adsorbed’”’ molecule. By an ‘‘adsorbed”’ 
molecule we mean one whose z motion is bound. 
That is, for any 0, the z motion is such that 


9 


p: 
U(z, 0) +— <0, (13) 
2M 






p2< —2MU(z, 8). (14) 


The limits on p, are, therefore, +[ —2MU(z, 6) ]}. 
The momenta pz, py, pe, and py have no such 
restriction. Further, since p2/2M20 in any 
case, we integrate only over those values of 6 
and z such that U(z, 6) <0. There is, finally, the 
restriction that 0< @< x. Referring to Fig. 1, we 
integrate between the U=0 contour and z= « 
along the strip between h1 = —ho and h,=ho. The 
integral over p, is 


(-—2MU)} 
J exp(— p:?/ 2MkT )dp. 
—(-2MU)} 


=(24rMkT)' erf(—U/kT)! (15) 


where erfx is the error function 


2 zx 
erfe=— f e~"dt. (16) 
0 


(x)! 








0.1 0.1236 0.779 5.80 1036. 0.736 X 108 
0.2 0.241 1.386 8.52 1193. 0.757 X 108 
0.3 0.353 1.911 10.26 1240. 0.758 x 108 
0.4 0.462 2.39 11.65 1264. 0.758 x 108 
0.5 0.568 2.85 12.86 1280. 0.758 x 108 








Equation (12) becomes 


2aMkT\! 82° [kT ro 
favs = ( je SS 
h2 


yp Se? 
— 


Xexp(— U/RkT) erf(— U/kT)*dadh;. (17) 





In this equation we shall refer to the integral 
over a for fixed h; as g(8, hi). Values of g(8, /1) 
were obtained by using numerical integration 
out to a sufficiently large value of a and then 
analytical integration to a= «. The values of 
the double integral, which we shall call Q(6, ho), 
were found by interpolating and integrating 
(numerically) g from h,;=0 to h;=hpo. The cal- 
culated values of g and Q are given in Tables I 
and II, respectively. 

The asymptotic expressions for g(8,0) and 
Q(8, ho), for large 8, are useful: 


exp(2.9828) 


lim g(8, 0) =—————, 18 
~* 4.6796! 
xp (2.982 
lim Q(8, ho) Dh ni (19) 

pon 43.818 


These are found from Eqs. (7) and (8). 

If these results are now substituted into Eq. 
(5), we have (we now include, for completeness: 
p, the nuclear spin weight; ¢=2, the symmetry 
number; j.1, the electronic partition function; 
and jyi», the partition fuaction for internal 
vibration) 


p> 2eMkT [43.818Q(8, ho) 
f=—JeJviv el | 
2 exp(2.9828) 





y2 
24(2rIkT)} 
h 
X[1—exp(—hve/kT) }-! exp(2.9828). (20) 








[1 —exp( —hv,(kT) i 
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IV. THE BET CONSTANT C 


The fundamental parameter in the BET ad- 
sorption isotherm’? is 
Aybe 


nr exp[(a—ez)/RT ], (21) 


where —e, is the energy of an isolated molecule 
in the first adsorbed layer, —ez is the energy of 
a molecule in the liquid state, and aib2/bia2 is a 
kinetic factor. In actual applications of Eq. (21) 
to experimental data it appears to be the custom 
to put A, the heat of vaporization of the liquid, 
in place of ez, without altering aib2/b;a2. From 
the statistical derivations'® !~* of the BET equa- 
tion it is clear that these two quantities should 
not be confused. The (theoretical) connection 
between them depends on which theory of liquids 
is referred to. A=e,—kT/2 is probably approxi- 
mately correct,!! so a;b2/b;a2—=Re? (see Eq. (22)). 
It is actually R and not a,b2/b;a2 which has been 
set equal to unity in applications, but the dif- 
ference is perhaps not very important. 

We can avoid the above uncertainty resulting 
from the lack of an adequate theory of liquids 
and also have C in the form actually used in 
analysis of experimental data by writing 


C=R exp[(e1:—A)/kT ]. (22) 


The purpose of this section is to obtain expres- 
sions for R. 

We consider for convenience adsorption at 
very low pressures, so that the adsorbed mole- 
cules form a two-dimensional perfect gas with 
no interactions between themselves. If N 
molecules are adsorbed on an area, @, the par- 
tition function for the system is f’/N!, where f 
is given by Eq. (20). The chemical potential of 
the adsorbed molecules is then 

WA d In(f¥/N!) 


kT oN 


For molecules in the vapor phase at a pressure p 


Ke h? i 1 
= =inp-+tn] ( ) | (24) 
kT QenMkT/ kTj; 


®S. Brunauer, P. H. Emmett, and E. Teller, J. Am. 
Chem. Soc. 60, 309 (1938). 

10 A, B. D. Cassie, Trans. Faraday Soc. 41, 450 (1945). 

1R. H. Fowler and E. A. Guggenheim, Statistical 
Thermodynamics (University Press, Coibeldep, England, 
1939), Chapter VIII. 


=—Inf+InN. (23) 





where 
— p . 8a TkT 
ji _ 


At equilibrium, 
HA BG 


kT kT’ 
so that 





N=pf( (26) 


h? ) 1 
2eMkT/ kT 
Let N° be the maximum number of molecules 
that can be adsorbed in the first layer, let po be 
the vapor pressure at the temperature T of the 
gas being adsorbed, let x=p/po and 6=N/N*. 
Then our low pressure isotherm can be written 


6=Cx, (27) 


f Po h? i 
Cece —( ) | (28) 
N°j; RT\24MkT 

This expression for C is rather general (for ad- 
sorption at higher pressures C is the same but the 
isotherm is more complicated?). It holds? for both 
localized and mobile adsorption and for any type 
of molecule. The appropriate f must, of course, 
be substituted. Equation (26) is even more 
general, since it has meaning for temperatures 
above the critical temperature of the gas being 
adsorbed. 

For the particular case we are interested in 
here, we substitute Eqs. (20) and (25) into Eq. 
(28), and put po=dexp(—A/RT) and 2.9826 
=e€,/kT. This gives C in the form of Eq. (22) with 


h? } h? +@ 6 
rer(ota) (ata) 
2x MkT 8r-ITkT/ N° RT 
43.8180(8, ho) 
x| ; | -exp(- ine 

exp (2.9828) 


<[1—exp(—hve/kT)}-. (29) 


The substitution for po is justified both experi- 
mentally and theoretically... For non-polar 
molecules 62.7, 10!° ergs/cc. 

We now consider certain special cases of Eq. 
(29). In a completely classical calculation we 
would use Eq. (17) instead of Eq. (5). This gives 

ptt OB nm Wy 
N® kT exp(2.9828) ho 


with 
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If we assume that the rotation of the molecules 
is unaffected by the surface (i.e., that U is effec- 
tively independent of @), the rotational partition 
functions for the gaseous and adsorbed phases 
will cancel. If we then use for the potential 
energy for all values of @ the function U(z, 7/2), 
and employ (for purposes of comparison) the 
approximation of Pitzer and Gwinn® for the 
z motion, the same argument as above for the 
more general problem leads here to (omitting 


jrot) 

2rnMkT kT 
@— exp(2.9828), (31) 
h? hy, 


2eMkT 





far osc—class — 





Far ose—quant — is @{1 exp( —" hv./kT) Si 


1 
Xexp(2.9828), (32) 


24MkT\} 
fam =( x ) Aroq (8, 0), (33) 





and 


. ( he “e: ae 
~\aemeT/ N° RTL exp(2.9828) 


x[1—exp(—/Av./kT)]}“. (34) 








Equation (34) is also the expression for R for a 
monatomic molecule based on the methods of the 
present paper, but with one important alteration: 
when Eq. (34) is used for a monatomic molecule, 
B=a/kT as before, but a=uoro’rNo/6, where uo 
and 7» refer to the interaction of the monatomic 
molecule with a molecule (or atom) of the ad- 
sorbent. This expression for a differs by a factor 
of two from the earlier one (Eq. (3)). Ina fact, 
Eq. (34) may be used for any mobile adsorbed 
molecule, however large, if one can neglect the 
effect of the surface on internal degrees of freedom 
(rotation, vibration, electronic) and uses 


a= uoro*'rNo/6, 


u and ro referring to the interaction of an ad- 
sorbed molecule with a molecule (or atom) of the 
adsorbent. 

For localized adsorption we must replace? the 
*y partition function 


2r4MkT 





@ by N{1—exp(—hy/kT)]}°, 


h2 
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where v=v,=v, is the frequency of vibration 
parallel to the surface: 


vy = (Vo/4Ms?). (35) 


In Eq. (35), Vo is the maximum? potential barrier 
(of the order of, say, 0.3-1.0 kcal./mole), and s 
is the distance between potential minima along 
both x and y axes (the surface lattice being 
assumed simple cubic). Let R; be the value of R 
for localized adsorption. Then, for any of the 
cases above, we can get R; from R by using 

R Sisie [1 (—hv/kT)}?R. (36) 

:= —|1—exp(—hy —2R, 
2arMkT s?* 





We have substituted s?=@/N® in writing Eq. 
(36). 

The approximate temperature dependence of 
R is of some interest. It is easily seen from the 
above equations that for mobile adsorption R is 
roughly temperature independent for a sym- 
metrical diatomic molecule (Eq. (29)), and R 
varies approximately at 7-? for a monatomic 
molecule or for any molecule whose internal 
degrees of freedom are essentially unperturbed 
by the surface (Eq. (34)). For localized adsorp- 
tion, the temperature dependence in the two 
cases above is approximately as T and T%, re- 
spectively, (Eq. (36)). 


V. A NUMERICAL EXAMPLE 


It is desirable to get an idea of the orders of 
magnitude involved in the above equations. To 
do this, we give numerical results for a (hypo- 
thetical) case which is very average. Let us take 
No=1X10” cc, up=15X10- erg, ro=3.5A, 
T=244°K, M=50 molecular weight units, 
d=1.05A, @/N®=20A?2and 6 =2.74X 10" ergs/cc. 
Some derived quantities of interest for this 
example are then «=2880 cal./mole, B=2, 
ho=0.30, Uy=1060 cal./mole (as compared to 
kT =485 cal./mole, so that rotation is restricted 
considerably), Q=10.26, 43.818Q/exp(2.9828) 
=2.31, and v,=vp=1.52X10" sec... The “‘cor- 
rect’”’ value of R obtained from Eq. (29) is 6.71. 
A completely classical calculation of R (Eq. (30)) 
gives R=5.01. This differs so little from the 
quantum-mechanical value that one can probably 
conclude that the use of the approximation of 
Pitzer and Gwinn is not very serious. If we 
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assume that the rotational partition function is 
unaffected by the surface, and use Eq. (34), we 
find R=12.7. The suppression of rotation in this 
example therefore decreases R by a factor of 
about two. If the adsorption is localized, taking 
Vo=1000 cal./mole (which is a rather large 
value), we find from Eq. (35) v=v,=v,=3.24 
X10" sec. and R;=0.326R =0.326 X6.71 =2.19 
from Eq. (36). 

Cassie!® has published some rather frequently 
quoted calculations in which he finds R, or 
rather R; since he assumes localized adsorption, 
to be of the order of 1/50 or less. This is just the 
right order of magnitude to account for the 
extent to which the derived values of the heat 
of adsorption are found to be too low (on apply- 
ing the BET equation assuming R= 1). However, 
on the basis of the calculations outlined above,” 
the present writer is forced reluctantly to form 
the opinion that Cassie’s explanation is not 
correct and that some other one will have to be 
found. The reasons Cassie found R=1/50 (or 
less) instead of R=5—10 are the following: (1) he 
assumed localized adsorption (which would 
actually cut the value of R=5—10 down only 
to about™ R,=2, even taking a rather large 
value for Vo), and (2) the remaining factor of 100 
(or more) between 1/50 (or less) and two arises 
because Cassie used vz=vy=v,=4X10" sec.—, 
which would appear to be too high by a factor 
of about 10 for both vz, and vy, and perhaps 
another factor of two to four for v,. Several 
other frequencies may be mentioned for com- 
parison: the value of v,=v, for the adsorption 
of argon on potassium chloride is? 3.3 X 10" sec.—, 
using V)»=400 cal./mole. Orr'4 found »,=1 10" 
sec.-! in his very refined calculations on the 
adsorption of argon by potassium chloride. In 
any case, as emphasized in the second paper of 
this series,” it is, in general, incorrect to consider 
physical adsorption as localized. 

There will, of course, be a range in possible 
values of R calculated from the above equations. 


Even considering the roughness of the model the 
values of R given here ought to be accurate at least to 
within a factor of two. The heat of adsorption « from this 
model is probably accurate’ to about a factor of two, and 
R should be much less sensitive than «4. 

13Tt is interesting that R; and hence ab2/b;a2 is not far 
from unity here. This is just the assumption made in the 
original BET theory (localized adsorption). 

“4 W. J.C. Orr, Trans. Faraday Soc. 35, 1247 (1939). 
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Most cases of interest will probably fall within a 
factor of five (larger or smaller) of the values 
given above for an-average example. One can 
estimate this range by noting that the approxi- 
mate dependence of R (mobile adsorption) on the 
fundamental parameters is given by (Eq. (29)) 


a 1 
=const. X (—) cans 
N° duoroNo 


for a symmetrical diatomic molecule, or by (Eq. 


(34)) 


a 1 
=const. X (—) oe egemaperEA 
N° Tiugre No? 


for a monatomic molecule (or any molecule with 
rotation not much affected by the surface). We 
may note that the mass does not occur in either 
of these equations (the temperature has already 
been discussed). 

One final remark on generality: it is fairly 
obvious that the general conclusions reached in 
this paper for symmetrical diatomic molecules 
will also hold for slightly unsymmetrical diatomic 
molecules. Also, the most favorable case for neg- 
lecting the effect of the surface on rotation of a 
complicated molecule is for a symmetrical mole- 
cule such as CH, or CCly. The behavior of a 
very unsymmetrical diatomic molecule (for ex- 
ample HCl) can be quite different in some re- 
spects. This case will be investigated. 


APPENDIX I 


On writing down the Schrédinger equation associated 
with Eq. (4), one can put y= F(x, y)®(¢)x(s, 6), and then 
obtain the energy levels for a particle of mass M in a 
two-dimensional box from the F equation and, as usual, 
find 


On()= Tavs exPlime), m=0, +1, +2,--- (37) 


from the © equation. The x equation is 


im, 1. 2 (si A 
M dz * sind a6\"""" a0) _ sin2o* 
+5 LE U(s, 0)]x=0, (38) 


where Etotai=E+Ez,. There appears to be little hope of 
finding the energy eigenvalues of Eq. (38) for the U(z, 9) 
given by Eq. (3). However, in the limiting case of harmonic 
oscillations about the potential minimum, the solution is, 
of course, easy. We substitute in this case Eq. (7) into 
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Eq. (38), put x= 0(@)Z(z), and find 








8M, _68.82a2*\ , _ 
24 (z.-=S )2=0, (39) 
and 
1, 088, _ m0 
8 +inee sin? 
827 68.82ad? cos?@ 
+ 2 (Eo — See come @=0, (40) 
where E+2.982a= E,+ Egy. The energy levels E, are 
E.=(n.t})hvz, nz=0, 1, 2, -:-, (41) 


where vz is given by Eq. (9). For the limiting case of 
interest here put, in Eq. (40), 0—(x/2)=£, O(0)=G(é), 
sind=1, and cos#=—é. Then, dropping the term in 0’ 
(¢ small, a large), we have 


82? l/ h?m? 68.82ad?? 








G'+ Be Fog— gat re G=0. (42) 
The energy levels are Eeag= Eg+Ey with 

Eo=(net+3)hve, no=0, 1, 2, ---, (43) 

> rr = 

Ey= ap m=0, +1, +2, ---, (44) 


in which vg is given by Eq. (10). The lowest eigenvalue 
for the general Eq. (38) is given approximately by the 
lowest eigenvalue in the harmonic oscillator limiting case: 
E2=—2.982a+hv./2+hve/2=Etotai. This is the negative 
of the heat of adsorption (including properly the zero- 
point energy). 


APPENDIX II 


In calculating surface areas using the BET method, 
it is necessary to adopt a value for the area occupied per 
molecule when the surface is completely filled with one 
layer. This value is usually obtained from the density of 
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TABLE III. Surface area per molecule in A?. 








Liquid density 





value b’ 
Ne 16.2 15.4 
O2 14.1 13.5 
A 14.4 13.6 
Co 16.8 15.6 
CO» 17.0 16.5 
CH, 18.1 16.4 
n-C4Hio 32.1 33.0 
NH; 12.9 15.0 
NO 1Z.5 12.5 
N,0 16.8 16.9 
n-C7H 6 45.0 47.0 
H,O 10.5 13.1 








the liquid. There is an alternative procedure that may be 
of interest. The values obtained do not differ much from 
the liquid density values. 

If we use van der Waals’ equation as the equation of 
state of the monolayer and also of the gas phase, it has 
been shown? that the surface area per molecule when the 
first layer is full is b’, the two-dimensional van der Waals 
constant, and that 0b’ is related to the thrée-dimensional 
van der Waals constant } by 


17 (3d\! 5 
b =3(=) ‘ (45) 


Now b=kT./8P., where T. and P, are the three-dimen- 
sional critical temperature and pressure, so one can write 
finally 
, asta wa , 

b =6.354(5) (in units of A?), (46) 
where P, is in atmospheres. In Table III the values of b’ 
for a number of gases, calculated from the critical temper- 
atures and pressures, are compared with the commonly 
used liquid density values. 
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Values are computed for the viscosity, thermal conductivity, and coefficient of self-diffusion, 
as functions of temperature, for the following gases: neon (60°-200°K), argon (110°-290°K), 
krypton (150°-370°K), and xenon (210°-550°K). The method of calculation is the same as 
that previously developed for gaseous helium and involves the use of classical scattering theory 
within angular regions where diffraction effects are absent, to obtain appropriate classical 
transport cross sections for insertion into the exact formulas of Chapman and Enskog. 

The average absolute deviations between calculated and experimental values are 5.5 percent 
for viscosity and 5.9 percent for thermal conductivity. In the case of self-diffusion, only two 
experimental values are available for comparison with calculated values, one each for krypton 
and xenon. The absolute deviations are 9.7 and 10.3 percent, respectively. 

A procedure is suggested for obtaining approximate values of the mutual diffusion coefficient 
of a binary gas mixture from the self-diffusion coefficients of the constituents. 





N a recent publication! (hereafter referred to 
as the helium paper), the transport properties 

of gaseous hciium were computed by a combina- 
tion of classical scattering theory and the theory 
of transport properties as developed by Chap- 
man? and Enskog.* The results agreed well with 
experiment in the temperature range for which 
the calculations were valid, 14°-200°K. Since the 
method should be of general applicability, it 
seemed advisable to extend the calculations to 
other rare gases to test further the generality of 
the method and to obtain calculated values of the 
transport properties in temperature regions where 
experimental values are unavailable. In the pres- 
ent paper, appropriate formulas will be given 
without derivation since the procedure and deri- 
vations were presented in detail in the helium 


paper. 


TABLE I. Constants of potential energy functions. 








Xenon 


3.05 

4.81 

3.54 
1.84 10° 
4.782 
3.01 

9.18 
14.5 


Krypton 


2.57 

3.46 

1.48 
2.18X 104 
4.782 
1.26 

3.24 

4.36 


Argon 
2.17 


2.45 
0.874 


Neon 


1.48 
1.13 
0.140 
0.966 
2.90 
0.121 
0.179 
0.137 





* (10-" erg A®) 
A (10-" erg) 

a (A~) 

C (10-" erg A®) 
D (10-" erg A8) 
E (10-" erg A”) 








11, Amdur, J. Chem. Phys. 15, 482 (1947). 

2S. Chapman, Phil. Trans. Roy. Soc. A211, 433 (1912); 
A216, 279 (1915); A217, 115 (1917). 

5 D. Enskog, ‘‘Kinetische Theorie der Vorgange in massig 
verdiinnten Gasen,” Inaug. Diss., Upsala, 1917. 


As indicated in the helium paper, the success 
of the calculations depends upon accurate knowl- 
edge of the interaction potential between two 
rare gas atoms. The potential functions used in 
the present case were obtained by combining ex- 
pressions involving a single exponential repulsive 
term and a dipole-dipole interaction attractive 
term deduced by Kane‘ from properties of 
frozen inert gases, with ratios of the constants 
in the dipole-dipole, dipole-quadrupole, and 
quadrupole-quadrupole terms derived from cal- 
culations of Margenau.® 

Kane used a potential energy function of the 
form 


V(r) =Ae-*" —(c/r’), (1) 


where 7 is the separation distance between two 
atoms, and adjusted the constants to reproduce 
the total energy at the absolute zero at the ob- 
served lattice distance 7;, which, in every case, 
was very close to the potential minimum. It will 
be assumed that a more accurate function can be 
obtained by allowing for dipole-quadrupole and 
quadrupole-quadrupole interactions as follows: 
At r; the attractive energy may be written 


4G. Kane, J. Chem. Phys. 7, 603 (1939). 
5H. Margenau, J. Chem. Phys. 6, 896 (1938). 
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where » and g are the ratios computed from 
Margenau’s results. Since Margenau’s calcula- 
tions are valid for distances near the minimum, 
the above method should correct satisfactorily for 
dipole-quadrupole and quadrupole-quadrupole 
interactions near the minimum, the region of 
interest in the present case, particularly since the 
inclusion of the higher order terms produced a 
maximum increase in the attractive energy of 
only 4.3 percent. Since Margenau® has shown 
that the effect of second-order exchange forces is 
negligible for all the inert gases except helium, 
the form of the complete potential function for 
neon, argon, krypton, and xenon will be taken as 


C DE 
V(r) = Ae7or ————— (3) 


76 78 pio" 


Although most of the interaction potentials 
suggested in the literature were investigated, cer- 
tain functions suggested by Kane and corrected 
as indicated gave the best results. Table I gives 
the Margenau ratios, the original constants of 
Kane, and the constants in the final potential 
function, Eq. (3). 

Values of the classical total collision cross sec- 
tion, S, as a function of the relative velocity, 2, 
are required for evaluation of the classical cross 
sections for viscosity and thermal conductivity, 
Q,,x, and for self-diffusion, Qpqa,1, as functions 
of temperature. Now 


=7[b(0.) P, (4) 


where 5(@,), the impact parameter for the critical 
relative scattering angle sufficiently large to 
eliminate diffraction, is defined by 


V(ro) 
[1-- 

Quv" 
in which y» is the reduced mass of the colliding 
system, and 79, the distance of closest approach 
of the two particles. The velocity dependence of 
S results from the velocity dependence of ro. For 


a potential function of the form of Eq. (3), this 
latter dependence, for the critical scattering 


inate, 





fe [o(0.) F, (5) 


°H. Margenau, Phys. Rev. 56, 1000 (1939). 
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TABLE II. Classical total collision cross sections. 














G a’ b’ F g ro v b(@c) S 
as A?cm 2 cm? 105 cm 
2 hath 2 
(A?) ( sec. ( sec.? ) (A) ( sec. ) (A) (A?) 
Ne 23.45 1.87X105 0.763X10" 2.80 1.540 2.81 24.80 
2.83 1.242 2.85 25.51 
2.85 1.057 2.88 26.08 
2.88 0.793 2.94 27.25 
2.90 0.626 3.01 28.52 
2.93 0.392 3.24 33.01 
A 39.85 2.05105 3.40 X10 3.6340 1.148 3.76 44.35 
3.6370 0.913 3.83 46.12 
3.6400 0.679 3.99 49.97 
3.6410 0.601 4.08 52.32 
3.6420 0.529 4.20 55.46 
3.6425 0.492 4.29 57.75 
Kr 44.94 0.00 2.83 X10" 3.7860 0.716 4.01 50.42 
3.7865 0.662 4.04 51.36 
3.7870 0.612 4.09 52.54 
3.7875 0.557 4.14 54.02 
3.7880 0.504 4.23 56.08 
3.7890 0.397 4.47 62.91 
Xe 55.14 0.00 3.05 X10 4.1910 0.714 4.41 61.10 
4.1915 0.634 4.47 62.74 
4.1920 0.554 4.55 65.09 
4.1925 0.474 4.68 68.75 
4.1927 0,442 4.75 70.79 
4.1930 0.393 4.88 74.90 
4.1931 0.375 4.95 76.83 








ce, is given by 


To 
t = (= “ys —(8aro—1)e—*" 


11.78C 13.74D 15.46E 
h(ro)® h(ro)? —sh(r0)9 


where h/ is Planck’s constant. Results of classical 
total collision cross section calculations are sum- 
marized in Table II. The general equation 


angle, O 





, c’ 
S=a ae: — (7) 

v? 
was found capable of meets the velocity 
dependence of S in form suitable for evaluation 
of Q,,.x and Qpu,1. Values of S calculated from 
Eq. (7) using the constants in Table II show the 
following absolute deviations from the recorded 
values: neon-maximum, 0.84 percent; average, 
0.60 percent: argon-maximum, 0.72 percent; 
average, 0.48 percent: krypton-maximum, 0.11 
percent; average, 0.06 percent: xenon-maximum, 

0.08 percent; average, 0.04 percent. 


VISCOSITY AND THERMAL CONDUCTIVITY 


The classical expression for the viscosity of a 
single gas is 
5 (1+6¢)(*MRT)} 


n= . (8) 
16 NQ,,K 
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TABLE III. Calculated and experimentalf values of viscosity and thermal conductivity. 








Qn, K Nexp. x 108 Neal. X 105 
(A?) ( g ) ( g ) 
sec. cm sec. Cm 


AK 
Resp. 


An 


Nexp. 


100 Kexp. X 10° 


Kea. X 10° 100) 





- 

s 
oN 
~~ 


ca ) ( ca (%) 
sec. cm deg. sec. cm deg. . 





26.03 23.755 20.85 
26.21 22.040 19.62 
26.44 20.255 18.33 
26.71 18.405 16.97 
27.07 16.460 15.50 
27.55 14.345 13.91 
27.86 13.200 13.04 
28.24 11.980 12.14 
28.71 11.17* 11.19 
29.32 9.78* 10.15 


46.86 22.080 19.51 
47.29 20.805 18.64 
47.79 19.465 17.75 
48.37 18.090 16.84 
49.05 16.665 15.85 
49.87 15.210 14.82 
50.88 13.725 13.76 
52.14 12.220 12.62 
53.78 10.695 11.38 
55.98 9.155 10.06 


51.29 30.49* 29.16 
52.06 27.13 
53.33 24.40* 24.96 
53.64 23.81 
54.34 22.62 
55.16 21.39 
56.13 20.06 
57.31 18.69 
58.76 17.25 
60.61 15.72 


62.38 39.5 36.49 
500 63.10 36.5 34.39 
450 63.98 33.5 32.17 
400 65.09 30. 29.82 
370 65.90 28. 28.33 
340 66.85 26.77 
310 67.98 25.13 
290 68.86 2 24.00 
270 69.88 22.81 
250 71.06 21.59 
230 72.45 20.33 
210 74.09 18.97 


8.82* 7.78 11.8 
7.32 
6.84 
6.33 
5.78 
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t (a) Viscosity: neon (60° and 70°K), A. van Itterbeek and O. van Paemel, Physica 7, 265 (1940); neon (80°-200°K) and argon, H. L. Johnston 
and E. R. Grilly, J. Phys. Chem. 46, 948 (1942); krypton and xenon (290° and 370°K), A. G. Nasiniand C. Rossi, Gazz. chim. ital. 58, 433 (1928); 
xenon (400°-550°K), M. Trautz and R. Heberling, Ann. d. Physik 20, 118 (1934). (b) Thermal conductivity: neon, S. Weber, Commun. Leiden 
Suppl. No. 42b (1918); argon, A. Eucken, Physik. Zeits. 12, 110 (1911); krypton and xenon, M. Curie and A. Lepape, J. d. phys. et rad. [7] 2, 392 


(1931). 


where e¢ is 0.016, M, the molecular weight, R, the 
gas constant per mole, N, Avagadro’s number, 
and Q,,x, the classical cross section for viscosity 
and thermal conductivity for a Maxwellian gas 
at temperature T. This cross section is defined by 


M* “ 


= —— vy? - @} _ My / Hs v 
rt | S,.x exp[ — Mv®/(4RT) ]dv, 


(9) 
where S,, x =25S/3. For the functional form of S 


Q,, K 


given in Eq. (7), Eq. (9) reduces to 


Q,, xk =a’ +3.04 X 10-5M4b’/T?+1.00 
X10-°Mc'/T A*, (10) 
and Eq. (8) to 
8.52X10->M'T! 
a ee 
a’ +3.04 10-5.M1b’/T!+1.00 X10-°Me'/T 


ic, 20 
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For a monatomic gas, the thermal conductivity 
may be written 


K=2.5(1+6)n¢., (12) 


where 6 is 0.01 and ¢, is the specific heat at con- 
stant volume which may be set equal to 1.5R/M. 
If is expressed in cgs units, Eq. (12) becomes 
cal 

K =7.52n/M 


sec. cm deg. 


(13) 


Values of Q,,x and 7 calculated from Eqs. (10) 
and (11), using the constants of Table II, and 
values of K calculated from Eq. (13) are shown 
in Table III as functions of temperature. Reliable 
experimental values have been included for com- 
parison although viscosity determinations in the 
case of krypton and xenon, and thermal conduc- 
tivity determinations in the case of all the gases, 
are relatively scarce. Starred values differ slightly 
from values cited in the literature because of 
correction to the rounded temperatures in the 
second column. As in the case of helium, the 
calculated values are terminated at the upper 
temperature limit because of decreasing accuracy 


of the potential energy functions at distances too 
far removed from the minimum, and at the lower 
temperature limit because the present develop- 
ment is demonstrably valid only for relatively 





1.02 X10-*M?T! 


D(1i, 1) = 
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small values of the critical scattering angle, 0.. 

The average absolute deviation between calcu- 
lated and experimental values is 5.5 percent in 
the case of viscosity and 5.9 percent in the case 
of thermal conductivity. 


COEFFICIENT OF SELF-DIFFUSION 


The classical expression for the coefficient of 
self-diffusion, D(1, 1), is 


3 (1+¢)(*MRT)}? 
D(1, 1)= ; 
8 NpQda,» 


where p is the density in grams per unit volume 
and Qpq,1, the classical cross section for self- 
diffusion in a Maxwellian gas at temperature T 
defined by 
M?* . 
Qda,» = oe 
32R°T? J, 


Xexp.[ — Mv*?/(4RT) jdz, 





(14) 


v® Spa, 1) 


(15) 
where Sp, 1) =S/2. For the form of S in Eq. (7), 
Eq. (15) reduces to 


Qoa, 1) =a’+3.65 x 10-°M?b’/T'+1.50 
x10-°Mc'/T A%, (16) 


and Eq. (14) to 


cm? 





where p is in g/cc, or 


~ p(a’ +3.65 X10-5M18' /T}+1.50 X10-°Mc'/T) sec.’ 


8.50 10°73 cm? 





D(1i, 1)= 


where P is in dynes/cm?, since p=PM/(RT). 
Values of Qpv,1) and D(1, 1) for P=1.01 108 
dynes/cm? (1 atmosphere) have been computed 
from Eqs. (16) and (18) using the constants of 
Table II. The results appear in Table IV which 
does not include a column for experimental val- 
ues since there are but two determinations at 
temperatures suitable for comparison with the 
calculated values. Groth and Harteck’ find that 
at 1 atmosphere D(1,1) is 0.091 cm?/sec. for 
krypton at 293.96°K and 0.0443 cm?/sec. for 


’W. Groth and P. Harteck, Zeits. f. Elektrochemie 47, 
167 (1941). 


PM¥(a' +3.65X 10-5 M30’ /T}+1.50 X10-°Mc' /T) sec.’ 


(18) 





xenon at an average temperature of 292.31°K. 
These values, which have a probable error of 5 
percent, become 0.089 and 0.0437 when corrected 
to 290°K and differ by 9.7 percent and 10.3 per- 
cent respectively from the corresponding calcu- 
lated values in Table IV. 

Lord Kelvin® has outlined a method, which 
Chapman and Cowling? feel is somewhat justified 


8 Lord Kelvin, Baltimore Lectures on Molecular Dynamics 
and the Wave Theory of Light (C. J. Clay and Sons, London, 
England, 1904), p. 295. 

9S. Chapman and T. G. Cowling, Mathematical Theory 
of Non-Uniform Gases (Cambridge University Press, 
Teddington, England, 1939), pp. 250 and 251. 





194 $. 


TABLE IV. Calculated values of the self-diffusion 
coefficient at 1 atmosphere. 








D(i, 1) 
(cm?/ 
sec.) 


0.122 

0.100 

0.0804 
0.0711 
0.0623 
0.0538 
0.0458 
0.0384 
0.0314 
0.0250 


0.144 

0.123 

0.103 

0.0843 
0.0738 
0.0637 
0.0542 
0.0482 
0.0424 
0.0369 
0.0318 
0.0269 


hay 





26.78 
27.02 
27.32 
27.70 
28.18 
28.83 
29,26 
29.77 
30.42 
31.27 


49.66 
50.28 
51.00 
51.83 
52.82 
53.69 
55.47 
57.30 
59.68 
62.90 








by the self-consistency of the results, for calcu- 
lating self-diffusion coefficients from suitable 
combinations of experimental mutual diffusion 
coefficients of binary mixtures. Since it appears 
possible to calculate values of the self-diffusion 
coefficient, it seems desirable to point out that 
Lord Kelvin’s method may be readily inverted. 

At a given temperature, a pair of values of 
Qp1,1 may be used to compute an approximate 
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value of the mutual diffusion coefficient, D(1, 2), 
for a binary mixture from the formula 


3 (RT)! ee] (19) 





D(1, 2) =- 
8PNOpayt 2MiM2 


where M, and Mz are the molecular weights of 
the gases, and Qpc12), the classical equivalent 
mutual cross section for diffusion for a Max- 
wellian binary gas mixture at temperature 7. If 
the self-diffusion cross sections for the individual 
gases at the temperature T are represented by 
Opa, and *Qpq,», Qoa,2) is given by 


Qna.2 =4{'Qda, 


+2['Qna,»?Qou,» ]'+°Qpa.»}; 


which states that the equivalent hard sphere 
diameter for the two molecule system is the 
average of the equivalent hard sphere diameters 
of the two single molecule systems. 

Eq. (19) does not take into account a small 
variation of D(1, 2) with composition and omits 
a small correction term, similar in character to 
the (1+) term in Eq. (14), which depends upon 
the law of force between the molecules. In spite 
of these limitations, the above method for esti- 
mating mutual diffusion coefficients may prove 
useful since, in most cases, insufficient informa- 
tion about interactions between unlike molecules 
is available for direct calculations of D(1, 2) by 
the methods outlined in the helium paper. 


(20) 
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(1) It is postulated that the interaction between starch and iodine in the amylose-iodine 
complex is of dipolar nature. 

(2) A model for such dipolar interaction is proposed and the necessity for a cooperative 
effect is discussed. 

(3) The interaction energy is calculated as a function of a parameter x and it is shown that 
this parameter possesses a critical value at which a ‘‘condensation” of iodine into the complex 
occurs. 

(4) It is demonstrated that it is physically reasonable for this parameter to attain its critical 
value. 

(5) It is shown that additional stabilization may occur as a result of the formation of a 
resonating “‘polyiodine” chain at high dipolar interaction having a I—I distance and heat of 
formation which compares favorably with experiment. 

(6) Application of the theory is made in discussing the stability of the polyvinyl alcohol- 
iodine complex. 

(7) The color of these complexes is discussed in terms of the theory. 








INTRODUCTION explain the nature of the interaction between 
HE configuration of the starch-iodine the starch and the iodine on the basis of this 
complex has been the subject of several Structure. These explanations fall into two cate- 
previous papers.‘ On the basis of x-ray dif- gories: (a) those which propose adsorption of 
fraction measurements, studies of iodine activity, iodine or solid solution formation, and (b) those 
crystal birefringence and dichroism, flow di- Which propose the formation of a new com 
chroism, light absorption and chemical proper- Pound” or phase of definite composition. How- 
ties, a model for the complex has been proposed Ver, potentiometric titrations of amylose with 
in which the iodine molecules are arranged in a_iodine* show that iodine activity remains essen- 
linear array, enclosed within and parallel to the tially constant during the precipitation of the 
axis of an amylose helix (Fig. 1). complex from amylose. Moreover, on adding half 
Several attempts have been made!** to the amount of iodine necessary to precitate com- 
mee letely the amylose from a solution, it is found’? 

1 Presented in part before the Division of Physical and P y y f , a 
Inorganic Chemistry, American Chemical Society, At- that half of the amylose is precipitated com- 
lantic City, N. J., April, 1946. pletely while the remaining half is unaffected. 


? Fellow of the Textile Research Institute, Inc. : : 
’ Present address: Department of Chemistry, Iowa State These phenomena would be difficult to explain 


“IP Bate. Preach, and R. E. Rundle J. Am. Chem. PY any but the latter mechanism. 
Soc. 65, 142'(1943). | a Pres ' Also stoichiometric considerations (on the 
Pa Satine and R. R. Baldwin, J. Am. Chem. Soc. basis of steric requirements) of the displacement 


; a gee and D. French, J. Am. Chem. Soc. 65, of other complexing agents (i.e., fatty acids) from 
58 (1943). , iodi 
"R. E. Rundle and D. French, J. Am. Chem. Soc. 65, @™Ylose by iodine have strongly favored a 


1707 (1943). complex of definite composition. It is the purpose 
65, 2200 (1943). ESS. SS at alle paper to consider quantitatively the 


R. R. Baldwin, R. S. Bear, and R. E. Rundle, J. Am. implications of a dipole interaction mechanism 
Chem. Soc. 66, 111 (1944). hich Id lain th * f f : lved 
R. E. Rundle, J. F. Foster, and R. R. Baldwin, J. Am. WIC would exp ain the type of forces involve 


Chem. Soc. 66, 2116 (1944). in the formation of such a complex phase. 
4C.S. Hanes, New Phytologist 36, 101, 189 (1937). : 10 

oF: F. Mikus, R. M. Hixon, and'R. E. Rundle, J. Am. It has been pointed out'® that many of the 
em. Soc. 68, 1115 (1946). i igh ial i - 
*%K. Freudenberg, E. Schaaf, G. Dumpert, and T. high molecular —— weunsmers forming a 

Ploetz, Naturwiss. 27, 850 (1939). plexes with iodine of the starch-iodine type have 
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Fic. 1. The model of the iodine-filled amvlose helix. 
two significant properties in common; that (a) 
the repeating unit of the structure has a residual 
component of dipole moment resulting in a 
linear array of dipoles in the polymer, and (b) a 
“channel” is available in the structure adjacent 
to and parallel to the array of dipoles of suitable 
dimensions to accommodate a chain of iodine 
molecules. Structural analysis has indicated that 
both the helical modification of amylose’? and 
oriented polyvinyl alcohol'*'!5 meet these quali- 
fications. 

In addition to iodine, alcohols, fatty acids, and 
nitro compounds may serve as complexing 
agents.!®!7 These all have in common either a 
high polarizability or a permanent dipole mo- 
ment. This would indicate that the forces 
associated with complex stability are of dipolar 
origin. 

If one considers the similarity of structure of 
the iodine, alcohol, and fatty acid complexes,” ® 
and the ease of replaceability without alteration 
of the basic amylose structure, it does not seem 
probable that any type of common valence force 
could be operative other than secondary binding. 

Therefore, in the light of this evidence we 
shall consider only dipolar*interaction between 
the iodine and the amylose helix. 

It has been found that the iodine repeat dis- 
tances along the helix, if it is regular, is probably 
incommensurate with the repeat distance of the 
helix itself.? West has found repeat distances 
for halogens in many halogen-polymer com- 
plexes'®».%5 which are incommensurate with the 
polymer spacings. This is added evidence that 
the influence of the polymers on the halogen 
molecules is not specific in nature and does not 

4R. C. L. Mooney, J. Am. Chem. Soc. 63, 2828 (1941). 

1 (a) S. E. Sheppard and P. T. Newsome, J. Chem. Phys. 
12, 513 (1944). (b) C. D. West and E. H. Land in Alex- 
ander, Advances in Colloid Chemistry (Reinhold Publishing 
Corporation, New York, 1946). 

16 R, Bear, J. Am. Chem. Soc. 66, 2122 (1944). 


17R, Whistler and G. Hilbert, J. Am. Chem. Soc. 66, 
1721 (1944). 
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Fic. 2. The dipoles contributing to the field of the helix 


involve either direct chemical bonds or even 
hydrogen or dipolar bonds to the halogen in 
which the halogen molecule must be located in 
a specific position with respect to some polymer 
group. 

Another experimental observation is useful in 
formulating an interaction theory. That is, one 
finds that the stability of the complex increases 
with helix length. Therefore, the origin of the 
attractive forces cannot be local but must be 
characteristic of the entire helix. They cannot 
be of the nature of a hydrogen bond which is 
local and capable of being saturated, but must 
be of a cooperative nature with the force on a 
particular iodine enhanced by the presence of 
other iodines. This, for example, could result 
from an “extended Silberstein Effect” due to the 
greater-than-additive polarizability of a chain 
of iodine molecules. 

Similarly, a variation in intensity and wave- 
length of light absorption by the complex is 
observed with increasing helix strength®!° for 
the amylose complex. This also could be inter- 
preted on the basis of increasing local field with 
increasing iodine chain length. 


PROPOSED MODEL—THE FIELD OF THE 
HELIX 


X-ray studies of the amylose helix have indi- 
cated that a turn of the amylose helix contains 
six glucose residues. Because of the helical 
structure, it is probable that the dipole moments 
of all the hydroxyl groups of the glucose residues 
will not cancel, and that there will be a residual 
component of dipole moment directed along the 
axis of the helix.!2 We have assumed, for pur- 
poses of calculation, that there is a residual 
moment of one hydroxyl group per glucose 
residue. The helix has an external van der Waals 
diameter of 13A and a hole down the center 
having an effective diameter of about 6A. Since 
the residual moment will represent an average 
between these radii which is weighted with 
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respect to an inverse high power of the radius, 
it would seem reasonable to assume that these 
average dipoles are located on the circumference 
of a cylinder of 8A diameter. 

Because of the cylindrical symmetry, residual 
radial components of the dipole moments are 
neglected. It is possible that this radial field 
may be important in perturbing the iodine 
energy levels and thus influence the color of the 
complex. As a result of this symmetry property, 
one may consider these dipoles to be confined to 
a linear array rather than being distributed over 
the entire circumference of the cylinder. The 
resulting model is shown in Fig. 2, where b=(8A 
per loop/6 glucose residues per loop) = 1.33A and 
a=4A. 

The first stage of the calculation is the com- 
putation of the axial component of field at a 
particular point on the axis of the helix resulting 
from this array of dipoles. From elementary 
electrostatic field considerations, it may be 
shown that the component of field at a point on 
the axis originating from a dipole, P, located a 
distance, 2, (along the axis) from the point is!® 


32? ; 
(a2+z2)3/2 ae (1) 





E.-P| 


The total field from the entire array at point 2’ 
located a distance kb from the end of the helix 
of N glucose residues is 


E,=P 





N-k ( 1 3h?b? 


n= \ (a2 h2b?)3/2 re ” 
This field has been evaluated for helices of N = 50, 
100, and 500, Fig. 3. It is seen that the field at the 
center is actually smaller for longer helices, as 
opposed to the observed variation of complex 
stability with chain length. However, it shall be 
seen that this tendency is more than overcome 
because of the greater enhancement of induced 
dipole moment in the longer helices. 


INTERACTION OF THE IODINE MOLECULES 
WITH THE FIELD OF THE HELIX 


If iodine molecules are now placed inside of 
these helices, they will become polarized by this 
'’ See for example Frank, Introduction to Electricity and 


Optics (McGraw-Hill Book Company, Inc., New York and 
London, 1940), Chapter I. 


field. Secondary polarization will result through 
interaction of the resulting induced dipoles. In 
an attempt to evaluate the resultant field, we 
shall make the following assumptions: 

(a) The iodine molecule exists in the helix as a 
molecular entity having its usual polarizability, 
van der Waals’ radius, and constant inter- 
atomic distance. 

(b) The iodine molecules are linearly arranged 
along the axis of the helix which they completely 
fill, and may be assumed, for purposes of cal- 
culation, to be equidistant. The distance between 
iodine molecules may be determined by equating 
the van der Waals, electrostatic and resonance 
attractive forces to the usual van der Waals 
repulsive forces. 

(c) The dipolar forces originate only with the 
helix with which the iodine is associated. 

(d) The electrostatic forces arise from (1) the 
field of the helix and (2) the field of neighboring 
induced dipoles. 

(e) The dipole interactions may be considered 
from a classical viewpoint, with the dipole con- 
sidered as definite point charges, the magnitude 
and separation of which may be determined from 
consideration of polarizability and light ab- 
sorption frequency. 

(f) The effect on the field of the surrounding 
polarizable matter is neglected. 

A set of equations for the field on a particular 
iodine molecule is set up. The field E, on the first 
iodine molecule is 


E, =E)°+x9E2+%0'E3+ ::- (3) 


where E,° is the axial field of the helix acting at 
the location of iodine molecule (1), Es, E3, etc. 
are the total fields at the location of iodine 
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Fic. 3. The field of the amylose dipoles along the axis 


of the helix—A—50 glucose residues, B—100 glucose 
residues, C—500 glucose residues. 
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molecules (2), (3), etc. and %o, Xo’, xo’, etc. 
are the respective dipole interaction coefficients. 
The magnitudes of these coefficients depend upon 
the “‘coupling”’ of the respective dipoles which, 
in turn, is a function of the polarizability and 
the proximity of the particular iodine molecules. 
Therefore, they will not be constant but will vary 
with the field. However, it is convenient to write 
the equations in this form because of the ease in 
solving the resulting set of linear simultaneous 
equations, and because of the ease of deter- 
mining the physical conditions requisite for a 
cooperative effect. These coefficients will be 
evaluated in terms of physical properties of the 
system in a later section. 

Equation (3) may be simplified if it is noted 
that in the range of fields encountered, the ratio 
of the series of dipole interaction terms to the 





x 
En - E,°+xEn+1 Te (B.-s4 
n—1 


1—<x?, etc., for m ‘‘layers.”’ 


It is obvious from symmetry considerations that 
the resulting field must be symmetrical about 
the center of the helix. That is 


E.w/2)-1 = Evw2)+1) 
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Fic. 4. Some properties of G,(x): 4A. the convergence 
of G,(x) A. x=0.41; B. x=0.45; C. x=0.50; 4B. the 
variation of x/G..(x) with x. 
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term representing nearest neighbor interaction is 
essentially constant. Therefore, if this ratio is 
called 8, we may rewrite Eq. (3) as 


E, = E;°+BxoEo, (4) 
where 


B= (xoE2+x0'E3+ ---)/xoE2. (5) 
Similarly, for the second iodine molecule 
E, = E2°+x9E1+xoEs. (6) 


Generally, further in the helix where end effects 
are negligible, 


E, = E,°+6xo(En-1 +En41). (7) 


By solving this set of equations simultaneously 
(substituting Eq. (6) in (4), etc.), the following 
recursion formula may be derived :!° 


Zfaersn} i/o 





so that 
Ew;2°+ 2Q (N/2)—1 


Gwral1 —(x?/Guy2Gewi2)—1)] 





Ey;2= 


where 


x 
Qu=— Ey°®+ [(Ev_+---+E,°)--- 


N N-1 


Also, E; = Ey so that 
Ey®+Qw-1 
Gyo 


The complete field distribution may then be 
obtained by application of Eq. (8). 

The nature of x.—An examination of these 
equations reveals that the field at any point is an 
expansion in terms of successive powers of the 
parameter x. It is seen that in order for a 
cooperative effect to exist where an appreciable 
contribution is made by higher powered terms 
representing more distant dipoles, x/G must be 
close to unity. The function G is seen to converge 
rather rapidly (Fig. 4a) so that its properties will 

19 This set of equations will be recognized as constitut- 
ing a set of difference equations having variable coefficients. 
If the coefficients, x, are represented as an analytic func- 
tion of the field, E (determined by the balancing of forces 


between iodines), a direct analytic solution of the problem 
should be possible. 
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Fic. 5. The variation of the total field along the axis 
of a 200 glucose residue helix with the interaction co- 
efficient x. 


be determined largely by its limiting value, G.. 
In Fig. 4b, x/G., is plotted against x. It is seen 
that at a critical value of x=0.5, x/G. rapidly 
increases, passing through unity. Therefore, we 
should expect that the physical restraints require 
x to lie in this region for the amylose-iodine con- 
figuration. 

In Fig. 5 the total field at the center of the 
helix is plotted logarithmically against x. As 
expected, the field increases greatly at x=0.5. 
Actually, for an infinitely long helix, the field 
would become infinite at this point, while for a 
finite helix, x may slightly exceed the critical 
value. It shall be seen that the physical limita- 
tions on x keep the field within reasonable bounds. 

It is interesting now to examine the variation 
of the field with helix length (Fig. 6). We have 
plotted the field variation along a 200 glucose 
helix (corn amylose) and a 500 glucose helix 
(potato amylose) for an arbitrarily chosen value 
of x=0.5. It is seen here that, as a result of the 
cooperative effect, the field now increases with 
helix length. This presumably would explain the 
experimentally observed decrease in iodine ac- 
tivity with helix length as well as the intensi- 
fication of light absorption. 


THE EVALUATION OF THE INTERACTION 
COEFFICIENT 


The magnitude of the dipole moment induced 
in an iodine molecule residing in an electrostatic 
field may be expressed in terms of the polariza- 
bility tensor of the iodine. As a first approxima- 
tion, the secondary force field originating from 
this dipole could then be expressed as a function 
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Fic. 6. The variation of the axial field of the completely 
filled helix with the helix length (assuming x=0.5) : A—500 
glucose residues; B—200 glucose residues. 


of this dipole moment. Such an expression, 
however, involves the assumption that the 
separation of charges in the dipole is small as 
compared with the distance between the dipole 
and its point of action. As applied to this cal- 
culation, one finds that in the region where the 
cooperative effect becomes significant, this 
assumption is not valid. Therefore, a refinement 
is required. 

We have chosen to represent the dipole as two 
equal finite point charges located symmetrically 
on the principle axis of the iodine molecule. The, 
polarizability is no longer adequate in charac- 
terizing this system since both the magnitude and 
the displacement of the charges must be specified. 
A possible means of very roughly specifying the 
charge displacement independently of its mag- 
nitude is to relate it to the light absorption. If 
it is assumed that the absorption of light by the 
iodine results from the natural harmonic vibra- 
tion of the same electrons involved in polariza- 
tion, then the frequency of maximum absorption 
may be related to the force constant for the 
electronic displacement by the usual relationship, 


vo=1/22(k/m)}. 


The displacement of the electrons / may then 
be related to the field strength and the electronic 
charge e, since 

Ee=fl, 
so that 
l=e/(42?v2m)E= KE. (12) 


One finds from the absorption spectra of iodine 
in the helix that K =5.55 X10-*A/unit field. 
Obviously, the assumption of a linear restoring 
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Fic. 7. Arrangement of the induced dipoles of the 
iodine molecules in the helix. 


force on the electrons cannot be applicable at 
higher fields. It actually must become more dif- 
ficult to separate the charges further as the 
separation becomes large. However, there appears 
to be no simple way to characterize completely 
this restoring force, and it must be realized that 
our solutions in regions of high fields may be in 
error as a result of this approximation. 

Thus, it is seen that the solution of the problem 
involves the evaluation of the field of a system 
of displaceable point charges (Fig. 7), the spacing 
of which is determined by the balancing of the 
associated forces. In considering the separation 
of charges caused by the polarization of an iodine 
molecule, one is confronted with the problem of 
assigning a point in the molecule at which an 
effective average polarizing field acts. However, 
we may safely assume that such a point is on the 
axis of the molecule, not too far from its center, 
and closest to the polarizing dipole. Its location 
also will vary with the extent of polarization. As 
a working assumption, we have assumed that 
this point is located at a distance r+//3 from the 
closest charge of the polarizing dipole. 

#@ We then may set up an equation for the total 
field at the mth iodine molecule, 


E,=£,°+> A 
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where 7’ =r+/1/3. Then 
ap 1 1 
B,=E+—|(—_- ) 
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where B is defined by Eq. (5) and g=(al/E)/(1/E) 
=a/K. Since the variation in ] will be much 
greater than the variation in 7, we may assume 
that all of the r’s are equal in this equation. 
Expanding: 
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--( ) eof 9 
2\ 7’ 
It has been assumed in writing down the ex- 
pression for x that (in this factor) it is permissible 
to set E,-1=E,=Eni1. This assumption is prob- 
ably not too serious since, over most of the length 
of the helix, E varies rather slowly, and since 


E enters into this series only into the relatively 
negligible higher powered terms. 
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Evaluation of B.—B is defined in Eq. (5) and Eq. (13). For purposes of evaluating 8, it is suf- 
may be numerically evaluated in terms of the ficiently accurate to consider all of the /’s and 
above theory. The complete equation (including _r’s to be identical in this equation. Therefore, 8 
further neighbor fields) for the field is given by may be given by 








ike ee rs ees «oJ ) 
—[1/(r+ (41/3))?+1/(2r+ (7/3)1)?+1/(3r+ (10/3)1)?+ «+ + ] 
(1/(r+(2/3))?—1/(r + (4/3)1)?} 


The numerator of this equation may be expressed as 








N/2 


Y [(an—$1)-*— (an +3) 


where a=r+/. Expanding these terms, this becomes 






N/2 


L {L[(an)-*+ (4/3)l(an)-*+ (4/3)1?(an)*+ (32/27)15(an)-*+ (80/81)/4(an)-*+ - - - J 


n=1 
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N/2 N/2 N/2 N/2 
= (1/2) 2/0)? ¥ (1/n*) +(l/a)! > (1/n') +(4/3) (1/a)® » (1/8) + (25/27)(U/a)* Yo (1/n) +++ f 


Therefore, 





, {1/12 ][2.404(1/a)*+ 1.082(1/a)*+1.382(1/a)5+0.941 (J/a)§+--+]} 
i {1/(r+(1/3)1)2—1/(r+ (4/3))?} 
























In Table I we have evaluated 8 for several values value, d. If d is reduced sufficiently so as to 
of the field. become comparable with the interatomic dis- 

It is seen that 6 does not vary significantly and tance a it is possible that the interatomic and 
that its application as an approximation is very intermolecular bonds characterizing particular 
well justified. iodine molecules lose their identities and that 

The solution for x.—It is seen from Eq. (16) additional stabilization may result from the 
that x is a function of the field Eand the distance resonance energy. In these processes, a also will 
between dipoles 7. Also, from the solution from presumably change but to a lesser extent than 
the set of cooperative effect equations we have does d. 


shown that the field is a function of x. In order A relationship then may be obtained between 
to obtain a solution for the three variables, a the reduced van der Waals radius and the field. 
third relationship is necessary. It is obvious from Fig. (7) that 7 is given by 

An examination of these variables reveals that 
we may interrelate r and E by considerations of r=d(E)+a—l=d(E)+a—KE. (17) 


the force equilibrium. In the absence of a field, 
the distance between iodine molecules is deter- 
mined by the van der Waals distance, do, which 


We have, then, our desired third relationship 
among the three variables, x, r, and E. These 











results from the balancing of the van der Waals TABLE I. 
(dispersion) attractive force against the repulsive 

forces. In the presence of a field, there is an sxe" B 
additional attractive force resulting from electro- .o 

static attraction of the induced dipoles. This will 0.050 


reduce the van der Waals distance to a new 
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may be solved simultaneously to give the solu- 
tion for the state of the system. 


THE FORCE BALANCE 


The repulsive force—The repulsive force func- 
tion may be estimated from the Morse curve by 
a method due to Eyring.*° The force between two 
iodine atoms united in a molecule may be ob- 
tained by differentiating the Morse function”! 
with respect to the distance between them, d. 
This gives 


F=2Da(e~2¢-0 —¢-a(d-0)), 


For J2, the constants are given” as D=2.47 
X10-" erg, a=1.85A—, and a=2.67A. The first 
term in the expression represents a repulsive 
force while the second represents attraction. 
The attractive force, if considered quantum 
mechanically from the point of view of the 
London theory,” may be expressed as a sum of 
Coulombic integrals and exchange integrals. If 
the two iodine atoms are not bound in a mole- 
cule, it is found that the exchange integrals no 
longer contribute to the attractive force but 
represent a repulsion equal in magnitude to 3 of 
their former attraction. Then, the force will be 


Frepulsive _ Dal et» = (% Coulombic 


% Exchange 
— : Jere), (18) 





For the purposes of this calculation, it was 
assumed that the I—I bond is 86 percent 
Coulombic. 

The van der Waals attractive force—The van 
der Waals attractive force has been shown™ 
theoretically to vary inversely with the seventh 
power of the distance between centers of the 
attracting atoms. If an expression of this type is 
equated to the above type equation for the re- 
pulsive force for the case of d=do, the unper- 


20 Henry Eyring, J. Am. Chem. Soc. 54, 3191 (1932). 

21 P. Morse, Phys. Rev. 34, 57 (1929). 

2G. Hertzberg, Molecular Spectra and Molecular Struc- 
ture, I. Diatomic Molecules (Prentice-Hall, Inc. New York, 
1939), p. 488. 

2% F, London, Zeits. f. Elektrochemie 35, 552 (1929). 
( a ) Eisenschitz and F. London, Zeits. f. Physik 60, 491 

1930). 
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turbed van der Waals distance (4.3A for iodine), 
F egulsive = L’ attractive — (A /d9’), (19) 


the proportionality constant A may be evalu- 
ated. For iodine, A was found to be equal to 
4104 10-* dyne/A’.4* 

Resonance stabilization—The possibility of 
resonance between structures of the type. 


(I) I-I I-I I-I, 
(11) I I FI I, 


must also be considered. 

If d is the unperturbed van der Waals distance, 
the exchange integrals between the atoms sepa- 
rated by this distance will be small, and the 
contribution of structures of type (II) will be 
negligible. However, as d is reduced through 
operation of electrostatic attraction, these in- 
tegrals become increasingly more important, and 
an increasing resonance energy exists due to 
interaction between types (I) and (II) structures. 
The variation of resonance energy with d results 
in an attractive force which serves to reduce d 
further. 

The secular equation for a set of resonating 
structures of this type is identical to that arising 
from the description of the 7 electrons of a long 
conjugated hydrocarbon. These have been treated 
by means of the valence bond method by Pauling 
and Wheland,?*> Wheland,?*-2* and Pauling and 
Sherman,*® and by the molecular orbital method 
by Huckel*! and Lennard-Jones. For our pur- 
poses the treatment of Lennard-Jones appeared 
most useful. 

He considers the general problem of a con- 
jugated hydrocarbon where the bond lengths 
alternate and is successful in obtaining a general 
solution for the associated secular equation. He 

*%@ An alternate method for calculating the van der 
Waals and repulsive forces would be to calculate ex- 
plicitly the absolute attractive force between iodines from 


the London formula and using an empirical inverse twelfth 
power or exponential repulsive force. 
( 25 > Pauling and G. W. Wheland, J. Chem. Phys. 1, 362 
1933). 
% G. W. Wheland, J. Chem. Phys. 2, 356 (1934). 
27 G. W. Wheland, J. Chem. Phys. 2, 474 (1934). _ 
28 G. W. Wheland, J. Chem. Phys. 2, 230, 365 (1935). 
29G. W. Wheland, J. Am. Chem. Soc. 63, 2025 (1941). 
30 L. Pauling and J. Sherman, J. Chem. Phys. 1,679 (1933). 
1 Huckel, Zeits. f. Physik 70, 204 (1931) ; 72, 310 (1931); 
76, 628 (1932). . 
32 J E. Lennard-Jones, Proc. Roy. Soc. 158A, 280, 29/ 
1937). 
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Fic. 8. The variation of the molecular orbital exchange 
integral with the in:ermolecular distance (for constant 
a=2.67A). 


obtains the following equation for the orbital 
energy for a chain having 2» atoms: 


§=28. © {1+2(84/B.) cosr+(Ba/Bz)?}4, (20) 


r=1 


where 
2rr 1 Ba ‘Tr 
ies (:-=) tan——. 
2v+1 2v+1 Ba 2v+1 
8; and ®, are the molecular orbital exchange 
integrals across the distances d and a, respec- 
tively. It is assumed that exchange integrals 
between other than adjacent atoms are negligible, 
and that there are sufficient atoms in the chain 
so that all of the diagonal terms in the secular 
determinant may be considered identical (end 
effects are negligible). The expression given for 
§, is a first approximation and is only accurate 
if a and d are not too different. 

The exchange integrals cannot be directly 
evaluated as no thermochemical or spectroscopic 
data is available for polyiodine type compounds. 
However, comparison reveals* that the results 
of the molecular orbital and valence orbital 
methods are surprisingly consistent. The ratio 
of the molecular orbital exchange integral 6 to 
the valence orbital exchange integral a is fairly 
constant and approximately equals 0.45 for long 
conjugated chains. a may be evaluated rather 
readily as it is approximately a constant fraction 
(0.86) of the energy (given by the Morse func- 
tion) which may be obtained from the exact 
treatment of simpler molecules. Therefore, a 
plot of 8 as a function of d calculated in this way 
is given in Fig. 8. 

The resonance energy is obtained by sub- 
tracting from the orbital energy, the orbital 
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Fic. 9. Variation of resonance energy with intermolecular 
distance (keeping a constant=2.67A). 


energy of the static, unexcited structure, 2v{a. 
We have calculated this resonance energy as a 
function of d (with a held constant at 2.67A) for 
a chain of 40 iodine molecules (Fig. 9). This would 
roughly correspond to a filled helix of 200 glucose 
residues. The slope of this curve is equal to the 
force caused by the resonance energy. 
Electrostatic attractive force—The electrostatic 
attractive force is a result of (1) the Coulombic 
potential resulting from the attraction and re- 
pulsion of the charges representing the dipoles 
and (2) the potential energy expended in sepa- 
rating the charges in a the dipole. That is 


Friectrostatic = — ~ = —— = 


= 
ir? i dd 


where p; is the dipole moment of the ith dipole. 
It has been shown*® (to the approximation that 
the forces may be represented by interactions 
between dipoles) that the charge separation term 
is Opposite in sign and equal in magnitude to 
half of the first (Coulombic attraction) term. 
Therefore, 





1 gq’ 
Fiectrostatic = — } ie ze = 
ae § fe 
pry i 1 . 
2 Ar? (r+2))? (r+l)? 


where 8, as before, corrects for further neighbor 
interaction. 


33 See, for example, O. K. Rice, Electronic Structure and 
Chemical Binding (McGraw-Hill Book Company, Inc., 
New York, 1940), Appendix III. 
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TABLE II. 








Energy (kcal./mole of Is) 


15.5 
— 10.6 
—28.7 
— 3.12 
— 26.9 





Repulsive 

van der Waals attraction 
Electrostatic attraction 
Resonance attraction 
Total energy 








To solve for the relationship between d and E, 
the equation, 


Ba? ( 
2K?\ (a+d—KE)? 





1 2 
+ e a ), (23) 
(a+d+KE)? (a+d)? 





where 
F(d) _ F eepalaive —™ 4° van der Waals F’ cssnsnees 


was solved graphically. The resulting plot of d 
against E is given in Fig. 10. 


THE SOLUTION OF THE SIMULTANEOUS 
EQUATIONS 


The following procedure was followed in ob- 
taining the solution of the three simultaneous 
equations: (a) For a given value of x, E was 
obtained from Eq. (10); (b) using the value of 
x and E, Eq. (16) was solved graphically for r; 
(c) d was then calculated using Eq. (17), and d 
was plotted against x. (See, for example, curve A 
of Fig. 11); (d) another plot of d against x was 
obtained from the solution of Eq. (23) (curve B 
of Fig. 11). The intersection of these two curves 
is the desired solution. 
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Fic. 10. The force balance—Variation of interatomic 
distance with field strength. 


The curves of Fig. 11 represent a solution for 
the center of a 200 glucose residue helix. It is 
seen that the intersection occurs at x=0.5005, 
d=3.13A, and E=0.50X10* dynes/unit charge. 
One observes that another intersection occurs at 
about x=0.2. This, however, represents a neg- 
ligibly small field with d at the unperturbed van 
der Waals distance. This would correspond to a 
state having much higher free energy than the 
high field solution and would be unstable with 
respect to it. 

The stabilization energy corresponding to this 
solution may be readily computed. The con- 
tributions of the interactions making up this 
energy are tabulated in Table II. 

While the configurational stabilization energy 
appears rather high, its order of magnitude is 
not too unreasonable. Qualitative observations 
indicate that the stability of the iodine in the 
complex is comparable with that of iodine held 
by weak primary valence bonds. The heat of 
formation of the complex indicated by the elec- 
trode potential is —19.6 kcal. per mole of iodine 
at 25°C.* It is expected that this value should be 
lower than that of the dry complex because it has 
formed in solution, and there is the possibility 
of ion or solvent inclusion which would interrupt 
the iodine chain. 

It should be noted that while the ordinary 
van der Waals distance for Ie is 4.3A, the inter- 
molecular distance is as short as 3.54A in the I; 
crystal. In view of this, the shortening of the 
van der Waals distances in the iodine complexes 
predicted by our theory is not as unreasonable 
as it might appear. 

In this treatment, changes in a resulting from 
resonance and from unequal electrostatic forces 
on the two iodine atoms of the molecule have 
been neglected. This change is probably rather 
small because of the “‘stiffness’’ of the primary 
bond and is probably no more than a few hun- 
dredths of an angstrom unit. It presumably 
would affect the solution because of the following 
effects: (a) increasing a would decrease the 
polarizability, (b) increasing a would decrease K, 
(c) increasing a would affect the location of the 
average dipole. As the atoms become separated, 
the electrons spend less of their time between 


%t Harvey Dube, Thesis, Iowa State College (1947), p. 81. 
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the two atoms and it probably would not be 
correct to locate the dipole in the center of the 
molecule, but it should be considered to reside 
in the individual atoms. This is especially true 
if d and a are close together and resonance results 
in loss of molecular identity. 

The absolute value of this stabilization energy 
should not be taken too seriously because of the 
uncertainty of the many assumptions necessary 
for solution. However, we believe that we have 
shown that it is possible by this mechanism to 
obtain a solution having the correct order of 
magnitude to account for the stability and 
qualitative behavior of the complex. 

It is interesting to discuss the formation of a 
complex of definite composition in terms of this 
mechanism. It is seen that a long uninterrupted 
iodine chain is necessary for the manifestation 
of a cooperative effect. The enhancement of the 
interaction energy is a function of this chain 
length. Therefore, the decrease in energy per 
iodine molecule added will be greater, the more 
iodine already in the helix. There will then be a 
greater tendency for iodine to keep going into a 
helix once it has started than for it to start 
filling an empty helix. This process would be 
more energetically favorable as it proceeds until 
the helix is filled. 


OTHER HALOGEN-POLYMER COMPLEXES 


Recently, West'®*® has found that many 
hydrophilic, organic polymers form complexes 
with iodine, bromine, and iodine-bromide. Aside 
from the amylose-iodine complex, the most not- 
able iodine complex is probably that of polyvinyl 
alcohol. 

Polyvinyl alcohol is known to form a complex 
with iodine which is similar in appearance and 
behavior to the starch-iodine complex. This 
complex appears to be very stable—it is not 
possible to measure the vapor pressure of iodine 
above it by ordinary methods.'® Preliminary 
evidence indicates that the complex is also a 
molecular compound rather than a result of ordi- 
nary adsorption or solid solution formation. 

The structure of crystalline polyvinyl alcohol 
has been determined by Mooney" and has been 
recently criticized by Bunn.** Mooney has 


*C. D. West, J. Chem. Phys. 15, 689 (1947). 
*Bunn, in Advances in Colloid Science (Interscience 
Publishers, New York, 1946), Vol. II, pp. 121-3. 
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Fic. 11. The solution of the simultaneous equations. 


postulated a structure consisting of parallel 
hydrocarbon chains interlinked by hydrogen 
bonds between the hydroxyl groups (Fig. 12). 
From considerations of complex forming ability, 
the most striking feature of this structure is that 
the hydroxyl groups are held in such a way that 
each contributes a re-enforcing component of 
dipole moment along the fiber axis. This would 
give rise to a field similar to that of the amylose 
helix. Also, there are channels parallel to this 
array of dipoles. Preliminary x-ray studies indi- 
cate that the iodine actually does reside in these 
channels. 

West has found that the polymer halogen com- 
plexes studied produce x-ray reflections charac- 
teristic of a one-dimensional lattice with periods 
3.10 (iodine), 2.70 (bromine) and 2.90A (iodine 
bromide) essentially independent of the polymer. 
He has interpreted these spacings as interatomic 
distances in linear polyhalogen chains. 

As we have seen, equally spaced iodines are 
allowed by our theory only if there is complete 
resonance of the bond between nearest neighbors 
in the linear array. In this case each bond would 
have an electronic density of half an electron pair 
(bond number 3 in Pauling’s nomenclature)*’ and 
the expected bond distance is 2.85A (calculated 
in accordance with Pauling’s rule, R(1)—R(n) 
= 0.300 logn, where nu is the bond number and R 
the radius of the atom).*” This is far shorter than 
West’s spacing, which corresponds to a bond 
number of only 0.17 (again by Pauling’s rule). 

It seems very difficult to understand how the 
iodine—iodine bond in a polyiodine chain could 
have so low a bond number. Indeed, the bond 


37 Pauling, J. Am. Chem. Soc. 69, 542 (1947). 










































Fic. 12. The structure of polyvinyl alcohol (Mooney). 


number is so low that halogen-halogen bonding 
appears to have nearly disappeared if West’s 
interpretation is accepted. There is no chemical 
evidence to indicate that bonding to the polymer 
has replaced the original I—I bond in I: and, in 
fact, since the x-ray spacing of the halogen is 
unrelated to the fiber spacing of the polymer, 
polymer-iodine bonding is hardly possible. 

Actually, the x-ray data are not sufficient to 
assure that the iodine atoms are equally spaced 
in the linear array. Only three orders of the 
spacing are observed even in ‘favorable circum- 
stances,’’ and it may well be that these are the 
even orders of a spacing twice as great (6.2A). 
(The fact that West has not observed a doubling 
of the spacing for the iodine-bromide complexes 
is further evidence that the data cannot be 
accepted as evidence for equally spaced, equiva- 
lent halogens.) 

If we allow unequal spacings between iodine 
molecules, then a shortened van der Waals 
distance (our calculated value for the particular 
field assumed for the starch helix goes as low as 
3.2A), and a normal, or more probably a some- 
what lengthened, single bond distance could 
easily account for a 6.2A spacing. Of the first few 
x-ray reflections, only even orders could be 
visible. Indeed, the observed spacing is near 
enough to that which our calculations would 
predict as to tend to confirm the general validity 
of our procedure. 

The observed spacings in bromine and iodine 
bromide complexes also correspond roughly to 
bond numbers of 0.17. Again, it appears more 
probable that the halogen atoms are unequally 
spaced, corresponding to halogen molecules 
separated by rather short van der Waals dis- 
tances. It appears from the observed spacings 
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that no known complexes have reached the 
limiting value of equally spaced halogens, though 
we should again emphasize that this possibility 
is not excluded. 

Both the helical form of amylose and the 
usual form of polyvinyl alcohol provide polymer 
dipole fields in accord with the demands of the 
present proposal. It seems not unreasonable to 
suppose that these demands are met by other 
polymers forming halogen complexes, and that 
the mechanism, proposed here, aside from the 
very particular points peculiar to amylose struc- 
ture can be carried over to explain the halogen 
complexing powers of other polymers. 

It should be noted that the theory only strictly 
applies to the formation of the complex with dry 
amylose or polyvinyl alcohol and iodine in the 
vapor phase. In solution several additional com- 
plications arise. A consideration of the effect of 
the dielectric constant of an imbibing medium 
has been neglected. This approximation will be 
serious in aqueous solution where the fields may 
be materially reduced by polarization of the 
water. Also ions will enter the helix in solution 
and, as has been experimentally demonstrated,' 
will affect the stability of the complex. 

It is somewhat disturbing that water which 
has a higher (macroscopic) dielectric constant 
than iodine does not preferentially enter the 
helix. Possibly water in the helix would exhibit 
a different structure from its macroscopic struc- 
ture and would not orient to give a high polariza- 
tion necessary for complex formation. It seems 
quite possible that through hydrogen bonding 
for specific hydroxyl groups, its action could be 
entirely local. 

This model for the complex offers an explana- 
tion for the enhancement of the color of the 
iodine. It has been pointed out that the color of 
iodine in solution varies with the nature of the 
solvent. This probably results from the per- 
turbation of the energy levels of the iodine mole- 
cule by the field of the solvent molecules in such 
a manner as to allow previously forbidden transi- 
tions. The same effect could obviously result 
from the action of the strong fields in the helix. 
Also, the resonance energy contribution may 
lower the energy levels sufficiently so as to shift 
the wave-length of absorption. While we calcu- 
late that resonance energy is only about 10 
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percent of the total binding energy, it should be 
noted that the resonance energy is a very sensi- 
tive function of inter-iodine distance in this 
region so that a slight error in calculation may 
materially change the resonance contribution. 
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The Molecular Structure of Nitrogen Dioxide. A Reinvestigation 
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An investigation of the structure of the nitrogen dioxide molecule has been made by the 


electron diffraction method. The interpretation of the photographs, which showed rings extend- 
ing to values of g of nearly 100(¢=40/A sind/2), leads to the following structural parameter 
values: N—O=1.20+0.02A, <O—N—O=132+3°. These values are discussed briefly and 


INTRODUCTION 


N recent years the molecular structure of nitro- 

gen dioxide has been the subject of numerous 
investigations but, aside from general agreement 
on a non-linear symmetrical structure with a 
wide bond angle and a multiplicity corresponding 
to only the odd electron, the conclusions have 
been surprisingly divergent. This is true of the 
dielectric constant measurements on the NO» 
—N2O,4 system, which have lead variously to the 
conclusions that both nitrogen dioxide and nitro- 
gen tetroxide have small constant dipole mo- 
ments of the order of 0.4X10-!8 e.s.u., that of 
nitrogen tetroxide being the greater,+? and that 
nitrogen dioxide has a moment of this magnitude 
which decreases with increasing temperature 
while nitrogen tetroxide has a zero moment.’ It 
is especially true of the bond angle and bond 
distance estimates and determinations, which 
naturally concern us directly. However, Giauque 
and Kemp’s‘ comprehensive considerations of the 
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* Contribution from the Gates and Crellin Laboratories 
of Chemistry, California Institute of Technology, No. 1156. 

1C. T. Zahn, Physik. Zeits. 34, 461 (1933). 

?R. W. Schultz, Zeits. f. Physik 109, 517 (1938). 

*J. W. Williams, G. H. Schwingel, and C. H. Winning, 
J. Am. Chem. Soc. 58, 197 (1936). 
(1938) F. Giauque and J. D. Kemp, J. Chem. Phys. 6, 40 


compared with those obtained by other methods. 


equilibrium measurements® on the dissociation 
of nitrogen dioxide in connection with spectro- 
scopic data for nitric oxide,® oxygen,’ and nitro- 
gen dioxide rule out the suggestion of Zeise® that 
the molecule has a multiplicity of 4. This sug- 
gestion is likewise ruled out by the results of 
the magnetic susceptibility measurements of 
Havens,® as was pointed out by Harris and 
King.!° 

From consideration of an assumed electronic 
structure Pauling" predicted 1.18A for the ni- 
trogen-oxygen distance and 140° for the angle 
O—N-—O. On the assumption of a valence po- 
tential function and a frequency assignment sug- 
gested by the infrared spectrum Penney and 
Sutherland” obtained the value 114° for the bond 
angle. With a similar assumption but a slightly 


5 Especially those of M. Bodenstein and Lindner, Zeits. 
f. physik. Chemie 100, 82 (1922). 

6H. L. Johnston and A. T. Chapman, J. Am. Chem. Soc. 
55, 153 (1933). 

7H. L. Johnston and M. K. Walker, J. Am. Chem. Soc., 
55, 172 (1933). 

8H. W. Zeise, Zeits. f. Elektrochemie 42, 785 (1936). 

9G. G. Havens, Phys. Rev. 41, 337 (1932). 

10, Harris and G. W. King, J. Chem. Phys. 8, 775 
(1940). 

17. Pauling, The Nature of the Chemical Bond (Cornell 
University Press, Ithaca, New York, 1940), second edition, 
p. 270. 

122\W. Penney and G. B. B. M. Sutherland, Proc. Roy. 
Soc. A156, 654 (1936). 
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Fic. 1. Results of various estimates and determinations 
of the structure of nitrogen dioxide. 1: Pauling; 2: Penney 
and Sutherland; 3: Maxwell and Mosley; 4: Harris and 
King; 5: Spurr; 6: Herzberg; 7: This work. The curves 
show values consistent with the revised product of the 
moments of inertia and its limit of error. 


different assignment of frequencies Herzberg" 
obtained the value 119° for the bond angle. An 
early electron-diffraction study by Maxwell, 
Mosley, and Deming" was unable to give reliable 
structural information, but a subsequent investi- 
gation of Maxwell and Mosley” gave the values 
1.21A and 130° for the two structural parameters; 
however a subsequent treatment of the data of 
Maxwell and Mosley by Spurr!® gave the same 
value for the bond distance but the much higher 
value of 141° for the bond angle. On the other 
hand, after a partial analysis of the ultraviolet 
spectrum, Harris and King’ reported 1.28A for 
the bond distance and 154° for the bond angle. 

The calculations of Giauque and Kemp,‘ which 
were based on spectroscopic data®’? and equi- 
librium measurements of the dissociation of ni- 
trogen dioxide,> gave a reliable value for the 

13 G. W. Herzberg, Infrared and Raman Spectra (D. Van 
Nostrand Company, Inc., New York, New York, 1945), 
- iL R. Maxwell, V. Mosley, and L. Deming, J. Chem. 
Phys. 2, 331 (1934). 

16 7T.. R. Maxwell and V. Mosley, J. Chem. Phys. 8, 738 
(1940). 

16R, Spurr, quoted in Yost and Russell, Systematic 


Inorganic Chemistry (Prentice-Hall, New York, New York, 
1944), p. 27. 
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Fic. 2. High temperature nozzle used in this investiga- 
tion. A: leads to heating coil; B: leads to thermocouple; 
C: standard taper joint to fit the tube containing the 
sample. 


product of the moments of inertia, from which 
may be obtained an equation giving correspond- 
ing values of the bond distance and bond angle. 
Since the accepted values for natural constants 
have changed significantly since Giauque and 
Kemp made their calculations, we have calcu- 
lated the change in the value of the product of 
the moments of inertia which results when the 
revised constants! are used.!7 We find that the 
value of I,I.lz; must be revised upwards by 4.3 
percent to 1.5010-"* g* cm® if the vibrational 
assignment for nitrogen dioxide used by Penney 
and Sutherland'*#—the one used by Giauque and 
Kemp—is used; if the vibrational assignment of 
Herzberg" is used the value of I:I2I3 must be 
revised upwards 3.0 percent. (An upward revi- 
sion of I,I2I3; of 2.6 percent is required by the 
changes in the rotational and translational parts 
of the calculation alone.) The value of I,lels 


17 In calculating the changes in the values of the thermo- 
dynamic quantities (F° —Ho°)/T of nitric oxide and oxygen 
it was assumed that whatever change in these values would 
result from changing the constants is identical with the 
change in the calculated result for a rigid rotator harmonic 
oscillator approximation, plus a 120 cm~ doubling of all 
levels of nitric oxide, since the original calculations (see 
references 7 and 8) made use of the spectroscopically ob- 
served levels and a recalculation on that basis would be 
somewhat complicated. 
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=1.50X10-"* 9g? cm® is probably known to 
about 5 percent. 

We have reinvestigated the structure of nitro- 
gen dioxide by the electron diffraction method; 
we find 1.20+0.02A for the nitrogen-oxygen dis- 
tance and 132+3° for the bond angle. This result 
together with the various results mentioned 
above are shown in Fig. 1. 


EXPERIMENTAL 


Nitrogen dioxide was prepared by heating lead 
nitrate in a stream of oxygen. The gas was con- 
densed with dry ice and then twice distilled in an 
atmosphere of oxygen in an all-glass apparatus. 

Electron diffraction photographs were taken 
with the apparatus described by Brockway.'* An 
all-glass high-temperature nozzle of special de- 
sign shown in Fig. 2, was used to heat the gas 
sample before the photographs were taken. The 
length of the chimney, which was heated to 140° 
before each exposure, was sufficient to insure 
that the dissociation of nitrogen tetroxide to 
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nitrogen dioxide was complete before the gas 
entered the diffraction chamber. 

The photographs were examined on a viewing 
box equipped with a lamp of adjustable intensity, 
and, for the outer rings, two or more good photo- 
graphs were superimposed. Measurements of the 
diffraction features were made in the usual way. 

Because of the simplicity of the problem the 
customary radial distribution treatment was 
omitted and only the correlation method" 
was used in interpreting the photographs. The 
formula 





LiL; , TT 
I(qg=d sin (=a) 
a Gj 10 


was used to calculate simplified theoretical in- 
tensity curves, shown in Fig. 3, for six models 
with N—O=1.20A and Z0—N—O=125°, 130°, 
1323°, 135°, 140°, and 145° respectively. These 
calculations were made on International Business 
Machines with punched cards.”° 





Fic. 3. Electron diffraction 
curves for nitrogen dioxide. Ni- 
trogen-oxygen distance 1.20 A for 
all models, O—N—O angles as 
indicated. The three sets of lines 
with the curve for the 1324° 
model represent the measure- 
ments of the three observers: 
those below the curve: S. C.; on 
the curve: V. S.; above the 
curve: J. D. 
























60 
qd 


Sci. 


strom units. 


*L. O. Brockway, Rev. Mod. Phys. 6, 234 (1936). Wave length calibration: C. S. Lu and E. W. Malmberg, Rev. 
Inst. 14, 2181 (1937). The lattice constants of zinc oxide given by them in &X units were converted to ang- 


*L. Pauling and L. O. Brockway, J. Chem. Phys. 2, 867 (1934). 


*P. A. Schaffer, Jr., V. Schomaker, and L. Pauling, J. Chem. Phys. 14, 659 (1946). 
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TABLE I. ResuJts of measurements of electron diffraction 
photographs of nitrogen dioxide. 

















Number of 
Average value of Average features included 

Observer @132° /Gobs. deviation in average 
Sc. 0.996 0.006 6 
J. D. 0.999 0.004 7 
0.999 0.008 12 
Vice 1.003 0.007 7 
1.002 0.008 16 

RESULTS 


As may be seen in Fig. 3, the character of 
the features of the theoretical intensity curves 
changes rapidly with change in bond angle. Com- 
parison of these curves with the appearance of 
the photographs fixes the bond angle at 132+3°. 
The features at g=55, 70, and 85 were particu- 
larly useful in fixing the bond angle. The relative 
heights of the components which comprise these 
three doublet maxima are in best agreement with 
the appearance of the photographs at 132°. At 
larger bond angles the outer components of the 
rings at g=70 and 85 are too strong; at smaller 
bond angles the inner components of the rings at 
q=55 and 70 are too strong, and the outer com- 
ponent of the ring at g=85 disappears. 

Between seven and twenty-five measurements 
were made on each of the features measured by 
the three observers. The average values of q132° 
(obtained by interpolation) divided by gous. are 
presented in Table I. We consider those obtained 
from the measurements indicated by the solid 
lines in Fig. 3 to be the most reliable. The aver- 
ages obtained from these measurements together 
with those indicated by the dashed lines in Fig. 3 
include features which are more difficult to meas- 
ure; it is interesting that the average values of 
9132°/Qobs. are not changed appreciably by includ- 
ing these measurements. The averages ¢/qobs. and 
the average deviations were calculated for the 
measurements of the smaller sets of features of 
each of the three observers for the 125°, 130°, 
135°, and 140° models also. In each case there is 


a convincing minimum in the average deviations 
very near 132°, substantiating the value of the 
bond angle determined by the correlation treat- 
ment. Measurements on the extreme inner and 
outer features, indicated by dotted lines in Fig. 3, 
were considered by the respective observers to 
be unreliable, and were not included in any 
averages. The averaged results of the three ob- 
servers give for the nitrogen-oxygen distance 
1.20A. In consideration of the average deviations 
shown in Table I and the uncertainty in the bond 
distance arising from the uncertainty in the bond 
angle obtained by the correlation treatment, we 
estimate the limit of error of the nitrogen-oxygen 
distance to be +0.02A. 


DISCUSSION 


Our results are in fairly good agreement with the 
previous electron diffraction results of Maxwell 
and Mosley;!® we feel that ours are somewhat 
more accurate because we observed features at 
larger g values than did the previous investi- 
gators. Moreover, our results are in better agree- 
ment with the product of the moments of inertia. 
It is apparent that the structures derived from 
the spectroscopic considerations!® 13 are con- 
siderably in error. 

The structure found for the nitrogen dioxide 
molecule is in good qualitative agreement with 
the discussion of Pauling," who predicted a bond 
distance slightly larger than that of a nitrogen- 
oxygen double bond, and a bond angle inter- 
mediate between 125°16’, the double bond value, 
and 180°, corresponding to the following resonat- 
ing structure for the molecule: 


foe es 
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Indirect Measurement of Spectral Line Breadth in the Infra-Red* 
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(Received November 18, 1947) 


If infra-red absorption by a sample gas is measured at low resolution in the presence and 
absence of pressure broadening by a non-absorbing gas, information may be obtained con- 


cerning breadth and fine structure of individual rotational lines. Data on 590-cm= and 
1285-cm™ bands of N2O indicate self-broadening coefficients of about 0.21 and 0.13 cm per 
atmosphere, respectively. These values may be compared with 0.20 cm per atmosphere 


obtained by Adel and Barker by direct measurement on the 590-cm~ band. 





T is very difficult to construct an infra-red 

spectrograph of sufficiently high resolving 
power that line breadths can be measured di- 
rectly for molecular vibration spectra. By using 
the following indirect method one can obtain an 
estimate of line breadth in some cases on the basis 
of measurements made with a spectrograph of 
low resolution, provided the line spacing is 
known. Since spacings have been measured for 
many molecules the method may be of interest, 
although the author has not had an opportunity 
to conduct a detailed investigation of its pos- 
sibilities. 

An infra-red band is composed of a large 
number of lines, each of which absorbs strongly, 
with regions of slight absorption often lying be- 
tween the lines. A spectrograph of low resolution 
measures an average value of the absorption 
over several lines. This average value depends on 
the extent of the ‘‘gaps’’ between the lines, and 
hence on the line breadth. If the individual lines 
are adequately pressure broadened, it is possible 
to measure the true’ intensity of absorption.! If 
the individual lines are pressure-broadened to a 
lesser extent, the observed absorption depends 
on both true intensity and line width, and may 
be used to measure the line width.? In particular, 


* Most of the material of this paper is taken from a 
thesis submitted to the Faculty of Arts and Sciences of 
Harvard University for the degree of Doctor of Philosophy 
in Chemical Physics on May 1, 1947. 

** National Research Council Predoctoral Fellow; now 
at Brookhaven National Laboratory, Upton, New York. 

1E. Bright Wilson, Jr. and A. J. Wells, J. Chem. Phys. 
14, 578 (1946). See also, A. M. Thorndike, A. J. Wells, 
and E. Bright Wilson, Jr., J. Chem. Phys. 15, 157 (1947), 
and A. M. Thorndike, J. Chem. Phys. 15, 868 (1947). 

* The use of techniques of this sort was first suggested 
by Summerfield and Strong, Phys. Rev. 59, 217 (1941). 
A general discussion of factors influencing the observed 
absorption of infra-red bands has been given by Nielsen, 
Thornton, and Dale, Rev. Mod. Phys. 16, 307 (1944). 
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we may compare the absorption of pure sample 
gas with that obtained when an inert (non- 
absorbing) gas is added for pressure broadening. 

Such a comparison was made in a qualitative 
way during an investigation of the effect of the 
addition of inert gas upon measurements of 
absolute intensities. In the case of’ the NO 
1285-cm- band, which was studied, addition of 
inert gas caused a very marked increase in the 
observed absorption.* 

In order to carry out this procedure quanti- 
tatively a number of simplifying restrictions 
must be introduced. We assume that in the fre- 
quency range transmitted by the spectrograph 
at any setting: (a) the lines are equally spaced, 
equally intense, and sufficiently widely spaced 
that they do not overlap, (b) that their shape is 
given by the Lorentz formula, and (c) that the 
incident intensity does not depend on frequency. 
Experimental conditions can be found which 
satisfy these requirements fairly well for many 
bands. Then the fraction, g, of light absorbed 
by pure gas is given by 


1 vot+(s/2) —A 5pL 
e-- f {1—exp| |e (1) 
S A y9— 8/2) 1(6?+- (v— v9)?) 


Here s=spacing between lines, »o=frequency of 
line center, A=intensity of a line, 6=half- 
width of line, »=gas pressure, and L=length of 
absorption cell. Since lines do not overlap, we 





3 This effect has been studied by many investigators, for 
example: E. von Bahr, Ann. d. Physik 29, 780 (1909); 33, 
585 (1910). P. C. Cross and F. Daniels, J. Chem. Phys. 2, 
6 (1934); N. D. Coggeshall and E. L. Saier, J. Chem. 
Phys. 15, 65 (1947). 

4 Very similar assumptions were used by Grasse (Zeits. f. 
Physik 89, 261 (1934)) in calculating line breadths for 
HCI by a somewhat different method. 
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may extend the integration to infinity and in- 
troduce a change of variables to obtain 


ApL 
g=——f(k), 
Ss 
where 


. —k 
k)= 1- ———- lid 
He) fi = || 


(2) 


5=ALkp, v—v=ALpx. 


We have used the fact that line width, 6, is pro- 
portional to pressure, with the result that the 
fraction absorbed, g, is a linear function of the 
path length, (pL), having slope G=g/(pL) 
=(A/s)f(k). Such a linear function was, in fact, 
observed experimentally, and the above argu- 
ment developed to account for the observation. 
If, on the other hand, a non-absorbing gas is 
added to give pressure broadening, it is possible 
to estimate the line intensity, A. We measure the 
“apparent absorption coefficient,” given by 


1 T 
im (-—in—), 
pL0 pL To 
where 7 is the light transmitted through the 


absorbing gas and 7» is the incident light.! Then, 
since we are dealing with a series of identical 


lines: 


L. 
A= lim (—n— | (3) 
rpla0\plL T 


That is, A/s=A’ is the slope of In(7)/T) 
(plotted as a function of path length) for zero 
path length. 

From calculated values of f(k), therefore, and 
an experimental value of G/A, we determine k 


LN(%/T)__ FOR 
PRESSURE- BROADENED 
DATA 
_ - ail 
FRACTION ABSORBED 
FOR DATA WITHOUT PRESSURE 
BROADENING BY INERT GAS 
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EQUIV. PATH LENGTH IN OM 





Fic. 1. Experimental data on absorption by 590-cm=! 
band of N;O at a frequency of about 600 cm. 


A. M. THORNDIKE 


using Eq. (2). This determines 6/, that is, the 
line breadth per unit of pressure. 

The method is applicable only to bands with 
simple structure and fairly wide spacing between 
lines, such as those of diatomic or linear mole- 
cules. The data used to evaluate G should be at 
pressures substantially less than one atmosphere, 
and the fraction of light absorbed should be less 
than 50 percent to approximate the non-over- 
lapping requirement. 

With this procedure, line breadths, or rather 
self-broadening coefficients, have been deter- 
mined for parts of the N,O bands at 1285 cm= 
and 590 cm. In each case the region selected 
was that of a branch maximum where the lines 
are most nearly equal in intensity. The actual 
frequencies selected were about 1270 cm and 
600 cm—. 

In Fig. 1 the experimental data are plotted 
for the 590-cm~! band. Those for the 1285-cm~ 
band show an even greater difference between 
absorptions with and without added inert gas. 
In both cases the curve for absorption by pure 
gas is straight in the middle with portions at 
both ends which are concave downwards. At 
high pressures this is due to overlapping of the 
lines, at low pressures to Doppler line breadth 
which introduces a constant line width rather 
than one proportional to pressure.® 

If we assume that each band consists of a 
series of single lines spaced about 0.86 cm 
apart,® the results are as given in Table I. 

As far as order of magnitude goes the two 
results are in agreement with each other and with 
expectations. Direct measurements by Adel and 
Barker on the 590-cm-! band gave a half-width 
of 0.08 cm at a pressure of 30-cm Hg, corre- 
sponding to 0.20 cm per atmosphere.’ The ex- 
cellent agreement between our value for the 
590-cm-! band and that of Adel and Barker is 


5 At room temperature the velocity of an N2O molecule 
is about 3X 10* cm per sec., so that the line breadth at- 
tributable to Doppler effect is about (3X 104/3 x 10°) x 600 
= .0006 cm~. The self-broadening resulting from collisions 
is here estimated to be about 0.2 cm™ per atmosphere; a 
pressure of 0.003 atmosphere would therefore lead to a 
line breadth comparable to the Doppler line breadth. The 
cell length is 30 cm, so that this pressure corresponds to a 
path length of about 0.1 cm. For such path lengths, there- 
fore, Doppler line breadth becomes important. 

( +7 K. Plyler and E. F. Barker, Phys. Rev. 38, 1827 
1931). 

7A. Adel and E. F. Barker, Rev. Mod. Phys. 16, 236 

(1944) as corrected by A. Adel, Phys. Rev. 71, 806 (1947). 
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TABLE I. 


Data on N-;O line breadths. 








1285-cm~! band 590-cm~! band 





Slope, G 0.28 0.090 
Slope, A’ 5.75 0.40 

F(R) 0.049 0.225 

k 0.00090 0.015 
6/p, in cm™ per atmos. 0.13 0.21 








probably fortuitous. A possible explanation of 
the discrepancy between our results for the two 
bands is that weak lines from difference bands 
which overlap the 590-cm- band contribute to 
the absorption in this case and lead to the higher 
value for the line width. If so, the result for the 
1285-cm™ band is the more significant. Here our 
value is lower than that of Adel and Barker. 

A further application of this sort of procedure 
which would lead to information concerning un- 
resolved fine structure should be possible. It 
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would be necessary to carry out measurements 
over a wide range of pressures of the pure gas, 
so that at the lower pressures the lines would be 
separate, whereas at the higher they would merge 
because of increased line breadth. Different 
values for the slope, G, should be observed in 
the two regions, and from them information 
could be deduced concerning the fine structure 
splitting provided it was considerably greater 
than the Doppler line breadth of about 0.001 
cm. No experiments of this type were carried 
out, however. 

In many cases information of this type may 
be gained with much greater accuracy from the 
very high resolution of microwave spectroscopy. 
Microwave techniques are, however, not in 
general applicable at present to molecules of 
small, or vanishing, dipole moment. The indirect 
method described above may be valuable in 
such cases. 
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Force Constants for Some Halomethanes* 
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Valence-type force constants, including several interaction terms, have been deduced from 
some of the experimentally observed fundamental vibration frequencies of the molecular 
sequence CX,, CX;Y, CX2¥2, CX Y3, and C Y4 in which X may be chlorine or bromine, Y hydro- 
gen or deuterium. By assuming that the force constants are invariant for the different molecules 
and by neglecting several interaction constants associated with two bending motions, the 
number of distinct constants was reduced to 28, from which, after slight adjustment, 100 
vibration frequencies were calculated. The quality of the fit with the experimental frequencies 
is indicated by a reasonably low root mean square deviation between calculation and observa- 
tion (1.1 percent for 82 frequencies) and by the success of the constants in predicting 22 of the 
frequencies which were not used in the initial numerical evaluation of the constants. 





I. INTRODUCTION 


N the study of the vibrational spectra of poly- 

atomic molecules it is at present not feasible 
to calculate the vibrational frequencies a priori, 
even in the harmonic oscillator approximation, 
since the quantum mechanical problem of de- 
ducing internuclear potential functions, solved 
in principle by Born and Oppenheimer! has not 
in practice been developed sufficiently to allow 
explicit representations of the potential energy 
associated with small displacements of the nuclei 
from their equilibrium configuration, except for 
very simple molecules. In order, therefore, to 
facilitate the interpretation of the structure of 
increasingly complex molecules from their vibra- 
tional spectra, it has proved worth while to calcu- 
late empirically the values of force constants for 
various types of quadratic potential functions. 
Two types of such functions have been princi- 
pally used: central and valence force systems. In 
either system, the number of constants in the 
most general quadratic form, even after consider- 
ation of symmetry, generally exceeds the number 
of independent data, i.e., the observed frequen- 
cies. The situation may, of course, be improved 
if isotopically substituted molecules have been 
studied experimentally. On the other hand, most 
attempts to fit the observed spectra with the 


*From a thesis submitted to the Faculty of Arts and 
Science, Harvard University, in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

** Present address: Metcalf Research Laboratory, Brown 
University, Providence, Rhode Island. 

1M. Born and J. R. Oppenheimer, Ann. d. Physik 84, 
457 (1927). 


minimum number of parameters, as with a di- 
agonal potential function (no interaction con- 
stants), are less and less successful as the size of 
the molecule increases. 

It is the purpose of this paper to continue the 
attempt, initiated by Crawford and Brinkley’ 
and others, to obtain a set of force constants, 
including some interaction terms, which can be 
used without change for a variety of molecules 
to predict the vibration frequencies with reason- 
able precision. The molecules involved constitute 
the sequence CX4, CX3Y, CX2Ve, CX Ys, and 
CY, in which X may be either Cl or Br and Y 
either H or D. 


II. COORDINATE BASIS AND KINETIC 
ENERGY MATRIX ELEMENTS 


A coordinate basis of the valence type has been 
chosen and the following nomenclature adopted: 


R=A(C-X), 
r=A(C—Y), 
a=A(X—C-Y), 
B=A(X—C-X), 
n=A(Y—C-—Y). 


I.e., the Roman letters are used to denote bond 
stretches and Greek letters designate bond 
bendings. 

The potential and inverse kinetic energy ma- 
trix elements relative to such a basis are identified 
by the following scheme of notation. The f or g 


2B. L. Crawford, Jr. and S. R. Brinkley, Jr., J. Chem. 
Phys. 9, 64 (1941). 
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identifying a potential energy or inverse kinetic 
energy matrix element respectively is followed by 
literal subscripts designating which types of val- 
ence coordinates are involved. When this much 
is specified there remain several possibilities in 
most cases: these are distinguished by the use of 
numerical superscripts. As an example, consider 
the matrix element corresponding to a combina- 
tion of H—C stretching and H—C—Cl bending. 
Since the H may or may not be common to the 
pair of coordinates, f,.' if used in case the H is 
common and f,,.” is used when different H atoms 
are involved. All such combinations will be identi- 
fied below by figures giving the numbering of 
coordinates and tables in which the individual f 
matrix elements are defined relative to the num- 
bered coordinates. 

The individual g matrix elements have not been 
tabulated here, since it is planned to present an 
extensive tabulation of these quantities, both 
algebraically and numerically, in a forthcoming 
paper. They have been computed by the vector 
method of Wilson.* 

The molecular parameters which enter the 
calculations of the inverse kinetic energy matrix 
elements are the reciprocal masses of the indi- 
vidual atoms, the reciprocals of the interatomic 
distances, and trigonometric functions of the 
bond angles. The following numerical values 
have been adopted in these calculations: 


Mass (atomic wt. units) Distance (A) 


Cc 12.01 C-—Cl 1.75 
Cl 35.457 C-—Br 1.88 
Br 79.916 C-—H 1.093 
H 1.008 C—D 1.093 
D 2.0147 


All bond angles have been assumed tetrahedral, 
i.e., 109°28’. 

Refined studies of rotational spectra and elec- 
tron diffraction may indicate small variations of 
bond lengths in different molecules, but the 
present assumption of constancy is consistent 
with that of the invariance of the force constants. 


Ill. SYMMETRY FACTORING 
A. General Procedure 


Once the matrix elements have been set up in 
a valence coordinate basis, it is still necessary to 





*E. B. Wilson, Jr., J. Chem. Phys. 9, 76 (1941). 
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transform them to a symmetry coordinate basis 
in order to realize the fullest factoring of the 
secular determinant possible by group theory. 
Previously, this has been accomplished by form- 
ing, more or less by inspection, linear combina- 
tions of the valence coordinates which exhibit 
the transformation properties characteristic of 
the irreducible representations of the point group 
of the molecule. In the following treatment, use 
is made of a more systematic method developed 
by Lippman‘ in an unpublished work. According 
to Lippman’s method, there exist transformation 
formulas of the form 


Vij 

Sir. ia® = a Vis"ip, 5S is™ (1) 
Here fip, jg is a potential energy matrix element 
in a symmetry coordinate basis, (fully factored) 
formed from valence coordinates of the ith and 
jth classes (corresponding to particular bond 
stretches and/or deformations as described above, 
such as H—C stretching and H—C—Cl bend- 
ing). The summation index, m, refers to the vari- 
ous possible valence coordinate matrix elements 
of this particular pair of coordinate types, with 
v;; the number of such different matrix elements, 
fiz". The indices p and q in the general case may 
have a maximum range of 3, but for the sequence 
of molecules presently to be considered, the 
maximum number of symmetry coordinates 
which are formed from any given valence coordi- 
nate type appearing in a given irreducible repre- 
sentation (identified by the index k) is only one, 
and the indices p and g which are.associated with 
this possible multiplicity, assume only the value 
of unity and will henceforth be omitted. Under 
these conditions, the “symmetry coefficients,” 
a;;™, and the ‘‘multiplicities,”’ y;;”, can be deter- 
mined as follows. Let u; denote the number of 
valence coordinates in the ith set and let £;;” 
denote the number of times f;" occurs in the 
first row of F,;, the submatrix of F which corre- 
sponds to all rows of coordinates of type 7 and 
all columns of coordinates of type 7. Then 


uj; ; 
vam =Bir"(—) (2) 
u; 


‘Caro Lippman, private communication, Harvard 
University. 
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TABLE I. Characters and frequency distribution for CX. 
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and, when 1=7 


ag y~ x, (3) 
h reH im 
where h is the order of the group, x,“ is the 
character of the rth group element in the kth 
irreducible representation, and the summation is 
to be extended over the set of those group ele- 
ments, Him,t which have the property of sending 
the first coordinate of the ith type into one whose 
order number is m, which is in turn defined as 
the order number of any column in the first row 
of F;; occupied by f;;". When i¥7 
(Bij)? Do ajjm 


t(m) 


Bif"(L aj *)! 


t(1) 





a,j" a 


Fic. 1. Coordinates for CXy. Rs=ACX:i, Bg =AXiCX2, 
Bo=AX,CXs3, Bs=AX1CX,, Bs=AX2CXs3, Bo=AX3CX,, 
Be=AX,CX2. 


7 Hun is one of the cosets determined by Hj, the sub- 
group which leaves the first coordinate of the ith set 
invariant. 
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where 
a; =a,m, (5) 


and the summations over ¢(m) and #(1), respec- 
tively, are extended over those columns in which 
fi” and f;; appear in the first row of F;;. 
These expressions become especially simple 
when x; =1 (dimension of the irreducible repre- 
sentation equals unity). They are then 


a,;™ _ xr, rel im; (6) 


and, in particular, for the totally symmetric 


representation 
aim =1, (7) 


The transformation scheme for the inverse kinetic 
energy matrix elements is identical with that for 
the potential energy matrix just described. 


B. The CX, and CY, Molecules 


The initial assumption of tetrahedral angles 
compels consideration of Tg symmetry for these 
molecules. The coordinates are numbered as in 
Fig. 1. The symmetry factoring is illustrated by 
Table I. 

The first six rows and columns in Table I de- 
fine the irreducible representations and _ their 
characters. The columns headed nz and ng give, 
respectively, the number of times symmetry co- 
ordinates formed from each of these valence 
coordinates appear in the factored secular equa- 
tion. In general, 2;“ is found from the char- 
acter relation, 


1 
ni ” dD pixi xi tt (8) 
7 


Ui 
nati ZY y,0, 


reH jy 

where p; is the number of elements in the jth 
class, x;“ the character of the jth class in the 
kth irreducible representation, and x,‘ the char- 
acter of the jth class in the representation af- 
forded by the 7th set of valence coordinates; this 
latter quantity is merely the number of coordi- 
nates of the ith set taken into themselves by a 
given group element of the jth class. 

In this scheme, in general, there may exist 
redundant coordinates: the column headed 1’ 


tt Lippman (reference 4) has shown that this expression 
can be contracted to 
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TABLE II. Force constants for the CX, molecule. 








R B 


,2 sf ¥ 1 ee St Se aa 
R_ fr' fr? fr? fr? fre fre' fre fre fre fre 
B Hert wHr 











gives the number of redundancies in each factor, 
while the last column represents the net order of 
each factor. The entries of the last column are 
readily determined by equations similar to (8) 
with x;‘ replaced by x;, where x; is to be deter- 
mined, for example, by the method of Rosenthal 
and Murphy,’ and is merely the character of the 
complete set of genuine vibrations (internal dis- 
placements involving no displacement of the 
center of mass and no rotation) of the molecule. 
The selection rules are given in the last column, 
where R means Raman active, JR means infra- 
red active, J means inactive in both spectra, p and 
d mean polarized and depolarized, respectively. 
Table II defines the potential energy matrix 
elements relative to the valence coordinate basis. 
Note that the terms of the type fj,” are ab- 
breviated as f;”. Finally, the symmetry analysis 
of the CX, molecule is completed by tabulating 
the multiplicities and symmetry coefficients 
(Table III). 
Thus, by the use of Eq. (2), the symmetry 
factored $f matrices become 


Ai: fr'+3fr® (6)*(fre'+fres?) 
Sai t+4 fet fe’ 
E: fs'—2fe +f’ 


Fr: fr'—fr?  (2)*(frs'—frs*) 


Ss! — fe’ 


in which the elements below the principal di- 
agonal have been omitted on account of the 
symmetry of the matrices. 

The corresponding § matrices are: 


CCl, CBr, 
R B R B 
Ai: .02820 0 .01251 0 
0 0 
E: .02763 .01062 
Fy: 13922 —.12688 12354 —.11811 
-16342 .13272 





*J. Rosenthal and G. M. Murphy, Rev. Mod. Phys. 8, 
317 (1936). 

tRoman symbols stand for matrices relative to the 
valence coordinates and script symbols for matrices relative 
to symmetry coordinates. 
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TABLE III. Multiplicities and symmetry 
coefficients for CX. 











R RB B 
fii” fr fr’ fre fre’ fs fe oS 
vii™ 1 3 (6)* (6)! 1 4 1 
A, 1 1 1 1 1 1 1 
E 0 0 0 0 1 —% 1 
F, 1 -} (3)-# —(3)-3 1 0 —-1 








In this case, the redundancy in the A; factor is 
revealed directly by the vanishing column; this 
corresponds, of course, to the condition: 


Me 


Bi.=0. (9) 


l=1 


In the general case, the redundancy may appear 
in the § matrix only as a linear dependence be- 
tween the columns. 

In the analysis of the remaining molecules, the 
§ matrices will not be given explicitly, since they 
can be constructed immediately once a table 
corresponding to Table III has been given. 

The treatment of the C Y, molecule is formally 
identical with that just given for CX4, requiring 
only the substitution of coordinates r for R and 
n for 8. The G matrices are: 


CH, CD, 
r 7] r 7] 
Ai: 0.99206 0 0.49634 0 
0 0 
E: 2.4912 1.2464 
F: 1.1031 —0.20314 0.60736 —0.20314 
2.0325 1.2027 


Fic. 2. Coordinates for CX;Y: for CX Ys, permute X 


and Y, R and fr, substitute 7 for 6. Rs=ACX;, r=ACY, 
aj=AX;C zy, Bi=AX2CX3, B2=AX1CX2, Bs =AXiCXz2. 


J. 


TABLE IV. Characters and frequency 
distribution for CX; Y. 














Selection 
Cx» E 2C;3 300 ne mr Na ng nm’ n rule 
mam ££ tt 8 kt 8 tt 8s ee 
Ae 1 1-1 0 0 0 0 0 0 #7 
E ae © ££ © bt @& @ ae 
xz s «© 1 
x" 1 1 1 
x" s 0 1 
xh $ © 1 
x’ 1 1 1 
x > ©. 2 








C. The CX;Y and CXY; Molecules 


These molecules possess the point group sym- 
metry C3,. The coordinates are numbered in ac- 
cordance with Fig. 2. Tables IV to VI give the 
details of the symmetry factoring. 

The nine fundamental frequencies are ac- 
counted for by two third-order determinants, one 
of which is doubly degenerate. The redundancy 
anticipated in the totally symmetric factor is ob- 
viously associated with the a- and 8-coordinates. 
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TABLE V. Force constants for the CX3;Y molecule. 











R Yr a B 
1 2 3 1 2 3 1 2 3 
R fr fr fr? fre fra fra® fro’ fre® frs' frp 
oi fr frat frat frat frst frp fra! 
Qa te Sei Sa? fag® Sag" fog* 
B fs} fe fe 








The table of multiplicities and symmetry co- 
efficients is considerably condensed by noting the 
identical symmetry properties of the coordinates 
R, a, and 8. 

The symmetry treatment of the CX Y; mole- 
cule is almost identical when the substitutions r 
for R and 7» for 8 are performed. In addition, 
however, the matrix element f,” must be replaced 
by f.*, the former involving two X —C— Y bend- 
ings with a common Y and the latter, two such 
coordinates with a common X. 

The § matrices for the different factors of the 
molecules of this class are now given in numer- 
ical form: 


A, E 

R r a R a 6 
CCl3H: 0.05596 — 0.04807 0.04486 0.13922 —0.13016 0.08972 
1.07532 — 0.07770 1.40744 —0.10058 
0.08170 0.09553 
CC1;D: 0.05596 — 0.04807 0.04486 0.13922 — 0.13016 0.08972 
0.57960 —0.07770 0.78502 — 0.10058 
0.08170 0.09553 
CBr;H: 0.04027 — 0.04807 0.04176 0.12354 — 0.12861 0.08352 
1.07532 — 0.07233 1.39815 — 0.09498 
0.06636 0.07167 
CBr;D: 0.04027 — 0.04807 0.04176 0.12354 —0.12861 0.08352 
0.57960 — 0.07233 0.77574 — 0.09498 
0.06636 0.07167 

r R a r a n 
CCIHs: 1.01981 — 0.04807 0.07182 1.10308 —0.10320 0.14364 
0.11147 —0.12346 0.94016 0.28168 
1.01627 2.26190 
CCID:: 0.52409 — 0.04807 0.07182 0.60736 —0.10320 0.14364 
0.11147 —0.12346 0.52521 0.07421 
0.60133 1.22452 
CBrH;: 1.01981 — 0.04807 0.07182 1.10308 —0.09855 0.14364 
0.09578 — 0.12346 0.92319 0.29770 
1.01627 2.26190 
CBrD;: 0.52409 — 0.04807 0.07182 0.60736 —0.09855 0.14364 
0.09578 —0.12346 0.50825 0.08023 
0.60133 1.22452 
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1058 
9553 
8352 
9498 
7167 
8352 
9498 
7167 


4364 
$168 
6190 
4364 
17421 
2452 
4364 
9770 
16190 
14364 
)8023 
12452 





In tabulating these matrices, columns in the 
A; factor corresponding to a symmetry coordi- 
nate of type 6 in the case of CX3;Y and 7 in the 
case of CX Y; have been omitted since they are 
exactly the negatives of the columns headed by a. 
This is evidence of the redundancies 


2 (a:+81) =0 (10) 
and 
dX (ai+n) =0 (11) 


l=1 


in CX3Y and CX Ys, respectively. In such cases 
it has been shown’ that a column (and row) of § 
involved in the linear dependence may be ig- 
nored, provided an appropriate transformation 
is made upon §, resulting in a reduction of its 
order by unity. 


D. The CX:;¥Y, Molecule 


Coordinates are numbered in accordance with 
Fig. 3. Tables VII to IX give the symmetry fac- 





CCl.Ha: 
A 1: R i B 
0.08371 —0.05551 — 0.06344 
1.04757 0.06344 
0.09092 
A 2: Qa 
1.25944 
CCl.D.: 
A: R r B 
0.08371 —0.05551 — 0.06344 
0.55185 0.06344 
0.09092 
A 2: a 
0.63702 
CBr2He: 
Ai: R r B 
0.06803 —0.05551 —0.05906 
1.04757 0.05906 
0.06990 
As: a 
1.25092 
CBr.D.: 
Ai: R r B 
0.06803 —0.05551 — 0.05906 
. 0.55185 0.05906 
0.06990 
As: a 
0.62851 
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Fic. 3. Coordinates for CX2Y2 R;s=ACX;:, r7s=ACY,, 
a =AX,CY,, o2=AX;C Yo, a3=AX2C kz, a=AX2CY;, 
B=AX,CX2, n=AYiCY2. - 


— eee - + 


toring, based on the assumption of C2, sym- 
metry. 

The A; factors for these molecules contain 
redundancies involving symmetry coordinates of 
types a, 8, and 7. In this case, the a-column has 
been omitted in the tabulation: 


n Ba: r a 
0.10157 1.10308 — 0.06798 
—0.10157 0.62088 

—0.11608 By: R a 
1.84669 0.13922 — 0.18407 
1.55544 

n Be: r a 
0.10157 0.60736 — 0.06798 
—0.10157 0.41340 

—0.11608 By: R a 
1.01679 0.13922 — 0.18407 
0.93302 

n Bs: r a 
0.10157 1.10308 —0.14595 
—0.10157 0.59546 

—0.10805 By: R a 
1.84669 0.12354 —0.18188 
1.54538 

n Be: r a 
0.10157 0.60736 —0.14595 
—0.10157 0.38799 

—0.10805 Bi: R a 
1.01679 0.12354 —0.18188 
0.92297 
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TABLE VI. Multiplicities and symmetry coefficients 
for the CX3Y molecule. 











(R, a, B) (R, a, B)r r 

fr! FR? fre fr 

Sra f Re? 

fre’ fre’ Sra! 

Sa’ Sa’ 

fas’ Sop" Srp" 

Ff Se 
vii™ 1 2 (3)4 1 
A, 1 1 1 1 
E 1 =" 0 








IV. CALCULATION OF FORCE CONSTANTS 


At this point it becomes essential to simplify 
the calculations by making some reasonable as- 
sumptions which will eliminate many of the 53 
force constants which have been defined in Part 
III. The remarkable constancy of hydrogen- 
carbon stretching frequencies suggests putting 
all interaction constants involving this coordi- 
nate (7) equal to zero. Moreover, the large sepa- 
ration of such frequencies (~3000 cm) from the 
remaining ones (<1500 cm) justifies an ap- 
proximation of practical importance; such fre- 
quencies may be factored using the method 
described by Wilson.’ A further approximation 
is made by similarly assuming that all inter- 
action constants involving the hydrogen-carbon- 
hydrogen coordinate (yn) vanish. Finally, it has 
been quite arbitrarily assumed that all inter- 
actions between the angular coordinates a and B 
(hydrogen-carbon-halogen and halogen-carbon- 
halogen) can be put equal to zero, although a few 


TABLE VII. Characters and frequency 
distribution for CX2¥2. 














Selection 
Cy» E C2 oy oy NR Ne Na NB Ny n’ Nn rule 
i a er a a ee es oe ee 
B,. 1-1-1 1 0 1 1 0 0 0 2 JR, R(d) 
Ae 1 1-1-1 00610001 R@ 
By t=-1 1-1 10 100 6 2 IR, 2) 
— 2 © 2 © 
— 2. 8 © 2 
x" 4 0 0 O 
foe i a a 
nie, &§ 2 § 
x’ a» & 24 
x > § & & 
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small interaction terms of the types aa and 68 
have been retained. 

After making these assumptions, only 28 non- 
vanishing constants are left to be dealt with; 100 
distinct fundamental vibration frequencies are to 
be calculated, of which 82 have actually been 
observed. The actual process used in determining 
the force constants consisted first in selecting 
numerical values for combinations of the con- 
stants appearing in secular determinants of order 
unity which fit the corresponding observed fre- 
quencies.{f Utilization of the approximate factor- 
ing of the (C— Y) stretching frequency gives, in 
all, 32 separate relations from which the force 
constants given in Table X have been determined. 

Following these calculations, the second order 
determinants of the CX Y; molecule were next 
investigated, and the resulting constants, which 
differ only very slightly, owing to a slight change 


TABLE VIII. Force constants for the CX2Y2 molecule. 











R fr fr® fre fro fre fro fro’ fra? fre fre 


r fr fF frat Sra? Sra? Sra’ Srp! Sry 
a fat fa® fab fo? fap! Fay} 
B fst fay! 
n Sr 








in the inverse kinetic energy matrix elements, 
from a similar treatment previously given by 
Noether® are given in Table XI. 

The values of fa!— fa? and f,! are in reasonable 
agreement with the values given in parentheses 
which may be obtained from Table X. 

There are now sufficient data to compute the 
individual values of the following force constants: 
fu’, fu*, fue’, fc, fa’, fa®, Se*, fa, and f,. By m- 
serting numerical values of fr', fr? in the Fs 
factor for CX4, the A; factor of CX3;Y, and the 
B, factor of CXe2¥2, six additional linear com- 
binations of constants may be computed for each 
value of X =Cl and X =Br. After such a calcula- 
tion, all the force constants assumed to be non- 
vanishing can be individually determined. As a 
matter of fact, there exist at this point several 


; tt The experimental frequencies used for these calcula- 
tions are given later in Table XIII. 
6H. D. Noether, J. Chem. Phys. 10, 664 (1942). 
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TABLE IX. Multiplicities and symmetry 
coefficients for CX2Y2. 














R Rr Ra _ R(8,7n) r ra 
fr' fr? frr fro fro® fre fe fP fra’ fro? 
Ry 
vii™ 1 1 2 (2)8 (2) (2)# =1 «1 (2) (2/8 
Ai 1 1 1 1 1 1 1 1 1 1 
Bs eee @ @ © I1=-8t 4 ms 
A2 0 O 0 0 O 0 0 O 0 O 
B, 1-1 0 1-1 0 0 O 0 O 
r(8, n) a a(8, n) a) 
frp fat fa® fat fa? fap fs’ fp 
Fry} for! = fy 
vvij™ (2) 1 4 4 42 2 1 
Ai 1 1 1 1 1 1 1 
By 0 lf =f wg 0 0 
As 0 i -—§ § =} 0 0 
B, 0 1 1-1 -1 0 0 





checks involving the constants which do not give 
quite consistent results, but by taking slightly 
adjusted values, the final numerical results are 
obtained in Table XII. 

The following constants have been put equal 
oo seve: fav’, Jae't J, Sea's Se Fels Src, OO Ted: 
fas', fap’, fax', fas’; Son’; f,?, and f,’. 

The relative smallness of the interaction con- 
stants involving two bending coordinates sug- 
gests that most such constants could have been 
omitted without impairing the quality of the fit 
and helps to justify the arbitrary omission of 
many constants of similar type. On the other 
hand, the interaction constants between carbon- 
halogen stretching and the lower frequency bend- 
ing coordinates (Ra and RB) are relatively large 
and undoubtedly have real physical significance. 


TABLE X. Force constants calculated from one-dimensional 
factors of the methane derivatives. 











X=Cl X=Br 
fee 5.04+0.02> 
f, 0.523+0.01° 
fe +3 fr? 4.379 3.397 
fe —2 fae + fe? 1.013 0.8324 
fo! — fa? — fat + fia? 0.7719 0.6707 
fa! — fod + fat — fo? 0.6239 0.5594 


—_—_ 
— 








*Here and throughout this paper the units of the force constants 
are 105 dyne cm~!, for two stretching coordinates, 10-3 dyne for one 
Stretching and one bending coordinate, and 10-" dyne cm for two 

nding coordinates. 

> Average and standard deviation for 20 separate calculations; C —H 
and C—D results, which show a real difference due to anharmonicity, 
have been averaged together. 

* Average and standard deviation for 4 separate calculations. 
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TABLE XI. Force constants for the CX Y3 molecule. 














x=Cl X=Br 

fr 3.383 2.840 

fRa! 0.3401 0.3045 

fab + fo +2 fa? 1.156 1.0711 

fat — fa? 0.721 (0.698) 0.6393 (0.615) 
fo 0.538 (0.523) 0.5351 


(0.523) 








Table XII shows comparable force constants 
computed by Stepanov® who reported values not 
only for the bromine and chlorine derivatives, 
but also for the fluorine derivatives of this same 
series. It is noteworthy that these values are, on 
the whole, in good agreement, the present author 
having been unaware of the work of Stepanov at 
the time he undertook these calculations. In par- 
ticular, the calculations are based upon the same 
assignments for the CXeYz2 molecule, about 
which there has been some controversy. The 
principal differences in the numerical values are 
to be attributed to varying assumptions about 
negligible constants, Stepanov having chosen to 
ignore theclass of interaction constants involving: 
(i) Bond stretching with a bending having neither bond 

in common with the stretching. 


(ii) Bond bendings having no bonds in common. This ac- 
counts for Stepanov’s zeros for fra’, frs*, fa’, and fp*. 


On the other hand, Stepanov found finite, al- 
though, for the most part, relatively small values 


TABLE XII. Force constants for chloro- and 











bromomethanes. 

X =Cl X=Br 
fr 3.383 3.533* 2.840 2.856" 
fr 0.332 0.265 0.186 0.147 
fRedé 0.340 0.588 0.305 0.492 
fro? -~0.164 0 —0.152 0 
Srp! 0.338 0.661 0.342 0.568 
fre’ —0.249 0 —0.190 0 
fr 5.04 5.023 5.04 5.023 
fa! 0.687 0.777 0.589 0.673 
fet 0.009 0.115 —0.005 0.084 
Seat —0.034 0.056 —0.026 0.042 
fe —0.065 0 — 0.060 0 
fp 1.136 1.133 1.061 0.937 
fe’ 0.092 0.098 0.134 0.067 
f° —0.037 0 0.039 0 
Sf, 0.530 0.525 0.530 0.525 








® These values have been obtained by averaging the results in 
reference 6a. 


s« B. Stepanov, Acta Physicochimica 20, 174 (1945). 
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TABLE XIII. Comparison of calculated and observed frequencies: chloro- and bromomethanes; 
methane and deuteromethane. 

















Irr. Rep. X=Cl X=Br 
Type of Veale. Vexp. A Veale. exp. A 
Molecule Coord. (cm~) (cm~) (%) (cm?) (cm~') (%) 
CX, A, R 458 458 0.0 269 269 0.0 
E 8B 218 218 0.0 123 123 0.0 
F, R 785 785 0.0 672 672 0.0 
B 314 314 0.0 183 183 0.0 
Y=H Y=D Y=H Y=D 
Veale. exp. A Veale. Vexp. A Veale. Vexp. A Veale. Vexp. A 
(cm) (em) (%) (cm™) (cem™) (%) (cm™) (em™) (%) = (cm™) (cm™) (%) 
CxX;Y Ai rf 3040 3030 +0.3 2240 2257 —0.7 3037 +3023 +0.5 2237 2247 —0.4 
R 677 672 +0.7 656 655 +0.2 541 539 +0.4 522 519 +0.6 
B(a) 354 363 —2.5 352 364. —3.3 223 222 +0.5 223 222 = +0.5 
E a 1221 1217 +403 887 908 ~23 1137 1142 -04 820 848 ~33 
R 744 760 2.1 736 738 —0.3 645 656 =0.7 637 629 +13 
8 258 261 —11 257 262 =19 154 154 0.0 154 153 +06 
CX2Y2 as *¥ 2993 2984 +0.3 2174 2993 2988 +0.2 2174 
nla) 1437 1423 41.0 1004 1413 1388 1.8 1043 
R 710 702 +11 674 578 576 0.3 545 
B(a) 288 283 +1.8 286 180 174 +3.4 179 
Bz fr 3073 3048 +0.8 2283 3078 3061 +0.6 2281 
a 902 899 +0.3 731 809 810 —0.1 665 
Az @ 1177. 1155) ++-1.9 836 1091 1090 +0.1 773 
Bi ea 1267 1266 +40.1 936 1183 1183 0.0 870 
R 737 737 0.0 723 638 637 +0.2 621 
CXY; A, ?r 2958 2928 +41.0 2127 2136 —0.4 2958 2932 +0.9 2126 2134 —0.4 
n(a) 1350 1355 —0.4 1024 1029 —0O.5 1301 1305 —0.3 984 987 —0.3 
R 733 732 +0.1 693 695 —0.3 613 610 +0.5 573 577. -0.7 
ze Ff 3078 3047 +41.0 2294 2287 +0.3 3080 3061 +0.6 2293 2294 0.0 
n 1455 1460 —0.3 1044 1058 —1.3 1446 1450 —0.3 1041 1053 —1.1 
a 1020 1020 0.0 771 775 -—0.5 938 957 —2.0 703 717. —2.0 
Y=H Y=D 
Veale. Vexp. A Veale. Vexp. A 
(cm-) (cm7) (%) (cm~) (cm~) (%) 
Cre Ay ¥ 2914 2914 0.0 2062 2085 —1.1 
E 7 1498 1499 —0.1 1059 1054 +0.4 
Fe. +r 3080 3020 +2.0 2297 2258 +1.7 
n 1337 1306 +2.4 1003 996 +0.7 








for some of the constants which have been ignored 
by the present author, namely: fr, =0.088, 
0.059; f=0.029, 0.029; frat! =0.364, 0.310; fin! 
=0.225, 0.225; fas'=0.063, 0.056; fay! =0.042, 
0.042; f,?=—0.024, —0.024; the numerical val- 
ues being cited for chlorides and bromides in that 
order. 

There seems to be little physical ground for a 
choice between these sets of parameters at pres- 
ent, because the wider range of Stepanov’s calcu- 
lations, including the other halides (and refer- 


ences to a notable series of calculations for 
various hydrocarbons) are in part compensated 
by the application of the present calculations to 
the deuterium analogues which were not con- 
sidered in Stepanov’s paper. 

Finally, Table XIII gives a direct comparison 
between calculated and experimental frequencies. 

The authors from whose work the experimental 
frequencies have been taken are as follows: CCls, 
CBr., CH, and CD,, Langseth? and data cited 


7A. Langseth, Zeits. f. Physik 72, 350 (1931). 
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by Herzberg;§ CCl;H, Nielsen and Ward;° 
CCl;D, Wood and Rank;!® CBr3;H and CBr;D, 
Redlich and Stricks," Barchewitz and Parodi;” 
CCIH3, Bennett and Meyer; CCID3, Noether;® 
CBrH3, Barker and Plyler;'* CBrD3, Noether;® 
CCleHe, Corin and Sutherland, Wagner;'® 
CBreHe, Wagner,!® Delwaulle.!” 

All the frequencies were recalculated using the 
slightly adjusted values of the constants given in 
Table XII, the approximate factoring of the 
C—Y stretching modes not being used except in 


’G. Herzberg, Infra-Red and Raman Spectra of Poly- 
atomic Molecules (D. Van Nostrand Company, Inc., New 
York, 1945). 

, tN Nielsen and N. E. Ward, J. Chem. Phys. 10, 81 
1942). 

 R. W. Wood and D. H. Rank, Phys. Rev. 48, 63 (1935). 
ul 3 Redlich and W. Stricks, Monats. F. Chem. 67, 328 
1936). 

2 P, Barchewitz and M. Parodi, J. de phys. et rad. 10, 
143 (1939). 

728), H. Bennett and C. G. Meyer, Phys. Rev. 32, 888 
1928). 
935 F. Barker and E. K. Plyler, J. Chem. Phys. 3, 367 
1935). 

4% C. Corin and G. B. B. M. Sutherland, Proc. Roy. Soc. 

165, 43 (1938). 
16], Wagner, Zeits. f. physik. Chemie B45, 69 (1939). 
17 M. Delwaulle, Comptes rendus 217, 172 (1944). 


FLUORESCENCE OF ACETONE 


223 





the case of the A; factor of CX2Y2. Naturally, 
the fit is somewhat better in the simpler factors, 
such as those of CX,4, from which the constants 
were more or less directly determined. Good con- 
firmation of the assumed potential* functions is 
found, however, in the comparison of the calcula- 
tions with observed values for the E factor of 
CX3Y and the A; factor of CX2 Y2 which were not 
used in obtaining the force constants; these fre- 
quencies are underlined in the table. For the 82 
frequencies for which experimental data were 
available, the root mean square difference be- 
tween calculation and observation is 1.1 percent. 

It must be remembered, however, that the as- 
signment of the fundamentals for the methylene 
halides is not certain. Spectroscopic data for the 
deutero-methylene halides would provide an in- 
teresting test of the potential functions which 
have been developed here. 
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T has been known for some time that acetone 

vapor, illuminated by wave-length 3130A, 
shows a weak blue fluorescence spectrum.'? It 
occurred to us that the fluorescence should be 
intensified in the solid state at 83°K, both be- 
cause of increased density and reduced number 
of collisions. This intensification has been found. 
We find this fluorescence also in a rigid solvent 
(isopentane, ether, and ethyl alcohol) at 83°K.* 





*This work has been supported by the Office of Naval 
esearch, U. S. Navy, under Contract N6onr-241. 
1G. H. Damon and F. Daniels, J. Am. Chem. Soc. 55, 
2363 (1933). 
_?R. E. Hunt and W. A. Noyes, Jr., J. Am. Chem. Soc. 
(in press). 
*G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 
2100 (1944), 


(Received December 23, 1947) 





The fluorescence spectrum consists of a broad 
band, beginning at about 4000A and extending 
to about 5000A, with a broad maximum at 
approximately 4556A. The spectrum shows no 
resolved structure at dispersions of 150A per mm 
and at 16A per mm. Methyl] ethyl and diethyl 
ketones were examined under the same condi- 
tions, and show similar short- and long-wave 
limits, with intensity maxima at 4675 and 4707, 
respectively. The latter ketones were photo- 
graphed only at the lower dispersion. No indica- 
tion of the well-known fluorescence of biacetyl 
was obtained in any of these cases. 

The absorption level of acetone‘ in the vapor 


4W. A. Noyes, Jr., A. B. F. Duncan, and W. M. Man- 
ning, J. Chem. Phys. 2, 717 (1934). 












































































































































































































































TABLE I. 

Substance Mean lifetime 
Acetone 10 10~ sec. 
Biacetyl 12x 10-4 
Diethyl ketone 8x 10-4 








state is believed to be 30800 cm above the 
ground state. Excitation by 3130A corresponds 
to about 31900 cm-, whereas the short-wave 
limit of the fluorescence corresponds to about 
25000 cm=. A five-hour exposure with solid 
acetone failed to show any fluorescence in the 
ultraviolet between 3130 and 4000A. We con- 
clude that fluorescence from the level reached by 
absorption directly back to the ground state 
(resonance fluorescence) is effectively absent 
under these conditions. If the absorption level 
were actually lower in a condensed phase than 
in the gas, the blue fluorescence might still come 
from the level reached by absorption. The ab- 
sorption spectrum of a one-meter column of 
liquid acetone was photographed. Under these 
conditions acetone appears to be completely 
transparent above 3440A, which puts the upper 
level in absorption at least 29100 cm above the 
ground level. Assuming that this is true in the 
solid also, the difference between the fluorescence 
maximum and the lowest part of the absorption 
level is about 6500 cm—. If it were assumed 
that fluorescence takes place from the lowest 
vibrational level of the absorption level, then 
the highest frequency observed in fluorescence 
corresponds to a transition which ends on a 
vibrational level 3600 cm— above the zero level. 

Potential energy surfaces of two electronic 
states could be drawn to fit this situation, so 
that two minima in the upper surface relative to 
the lower surface were in the proper places for 
absorption and fluorescence. While this some- 
what artificial process avoids the assumption of 
a separate excited electronic level for fluores- 
cence, the transition probabilities of absorption 
and fluorescence are not easily explained. The 
mean lifetime of acetone in the absorption level 
was estimated from the integrated absorption 
coefficient to that level,® using the data of Rice,*® 
to be 2.910-® sec. This estimate implies the 


5R.S. Mulliken, J. Chem. Phys. 7, 14 (1939). 
6 F. O. Rice, Proc. Roy. Soc. (London) A91, 76 (1914). 
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absence of quenching collisions, which might 
reduce the experimental lifetime. 

The lifetime of the blue fluorescence of acetone 
at 83°K was measured directly with a photo- 
multiplier tube, oscillograph combination.’ Light 
from a single condenser discharge through a gas- 
filled tube was filtered to give radiation in the 
neighborhood of 3130A. The single flash had a 
mean life of about 5X10-® sec. The light was 
focused on the sample contained in a quartz 
tube, immersed in liquid nitrogen in a quartz 
Dewar flask. The fluorescent light fell on the 
photo-multiplier tube, and its output was fed to 
the vertical deflection terminals of the oscillo- 
graph. Timing marks were obtained from a 
calibrated square-wave oscillator and the oscillo- 
graph beam was blanked until the trace was to 
appear on the screen. The resulting intensity- 
time curve was photographed and the mean 
lifetime determined in the usual way. 

With this method, some of the preliminary 
results obtained are summarized in Table I, all 
at 83°K. The data on biacetyl may be compared 
with the mean lifetime of the fluorescence of 
biacetyl vapor, determined as 1.65 X 10- sec. by 
Almy and Anderson’ and 1.4X10-* sec. by 
Rawcliffe.? The error in our data is believed to 
be about 15 percent, which can be lowered by 
refinement of experimental details. 

If any quenching occurs in the solid at 83°K, 
the true lifetime may be longer than the experi- 
mental value of 1X 10-* sec. for acetone. On the 
same basis the lifetime for the absorption level 
should not be longer than 2.9X10-® sec. We 
conclude from this that the fluorescence origi- 
nates on a level with a probability of emission of 
not more than 0.0029 times that of the absorp- 
tion level. It appears more natural to assume in 
this case that there are two different upper 
electronic levels, rather than two parts of the 
same electronic level which differ only in nuclear 
configurations. 

The experimental measurements are being 
extended in the hope of providing some explana- 
tion of the nature of the fluorescence level, and 
will be reported in detail at a later date. 

7G. H. Dieke, H. Y. Loh, and H. M. Crosswhite, J. 
Opt. Soc. Am. 36, 185 (1946). ‘ 

8G. M. Almy and S. Anderson, J. Chem. Phys. 8, 805 


(1940). 
9R. D. Rawcliffe, Rev. Sci. Inst. 13, 413 (1942). 
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Ultraviolet Absorption Spectrum of Hydrogen Peroxide 
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NUMBER 3 MARCH, 1948 


R. B. Hott, C. K. McLANgE, AND O. OLDENBERG 
Lyman Physical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received November 25, 1947) 


The absorption coefficient for hydrogen peroxide vapor in the wave-length range 1850-2200A 


was determined. A careful redetermination of the absorption coefficients for the vapor and for 


aqueous solutions at 2537A was also made. 





I, PROBLEM 


N connection with an investigation (to be 

reported in a subsequent paper) of the thermal 
reaction between hydrogen and oxygen, it was 
desired to use absorption spectroscopy as an 
analytical tool for the qualitative and quanti- 
tative determination of hydrogen peroxide. -In 
order to accomplish this, it was necessary to 
make measurements of the absorption coefficient 
of hydrogen peroxide over a considerable wave- 
length range (1850-2200A) and to determine the 
absorption coefficient at a single wave-length 
(2537A) with greater accuracy than had been 
achieved previously. 

Concordant results for the absorption coef- 
ficient of hydrogen peroxide solutions have been 
obtained by several investigators,! especially in 
the wave-length range above 2500A. All of the 
results indicate a continuous absorption be- 
ginning in the visible (probably around 4000A) 
and increasing steadily toward the ultraviolet as 
far as the observations were carried (about 
2200A). 

Less work has been done on the absorption by 
the vapor. The most extensive investigation was 
that of Urey, Dawsey, and Rice,? in which they 
measured the absorption coefficients for the 
solution and the vapor down to 2150A. A similar 
investigation? made somewhat later confirmed 
the results down to 2200A, but showed an easily 
measurable, although small, difference between 
the absorption coefficients for the vapor and for 
aqueous solutions, which had not been noted by 
the previous investigators. 


‘A. J. Allmand and D. W. G. Style, J. Chem. Soc. 606 
(1930); V. Henri and H. Wurmser, Comptes rendus 156, 
1012 (1913); E. Lederle and A. Rieche, Ber. Chem. Ges. 
62, 2573 (1929). 

*H. C. Urey, L. H. Dawsey, and F. O. Rice, J. Am. 
Chem. Soc. 51, 1371 (1929). 

*W. C. Furgusson, L. Sotin, and D. W. G. Style, Trans. 
Faraday Soc. 32, 956 (1936). 
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No quantitative data below 2150A have come 
to our attention. Two qualitative statements 
regarding the nature of the absorption have been 
published. Urey, Dawsey, and Rice state that 
‘“. . the spectrum is continuous throughout 
the range from 2000A to 3100A ... with no 
indication of a maximum in this region.’’ Later, 
Sharma‘ reported that the absorption spectrum 
showed a “sharp cut”’ at 2055A. This observation 
reported by Sharma is of considerable interest 
because it was used recently® in an indirect way 
to set a limit on the value for the energy of dis- 
sociation of water molecules into H atoms and 
OH radicals. 

The present investigation was undertaken to 
yield quantitative data on the absorption below 
2200A, to clear up the discrepancy between 
Sharma’s observation and that of Urey and 
co-workers, and to investigate the reported dif- 
ference in the absorption coefficients of the vapor 
and of aqueous solutions at one wave-length at 
least. 


Il. METHOD 


More or less conventional techniques were 
used for the measurement of absorption coef- 
ficients. For the 1850—2200A range, the experi- 
mental set-up consisted of a hydrogen discharge 
tube which emitted a continuous spectrum, a 
quartz lens to render the light nearly parallel, 
an absorption cell fitted with quartz windows, 
a second quartz lens for refocusing the trans- 
mitted light, and a quartz spectrograph. 

The discharge tube* employed large aluminum 
electrodes to insure low current density. The 
two tubes containing the electrodes were con- 
nected by means of a capillary tube of rectangular 

4R. S. Sharma, Proc. Acad. Sci. United Provinces 
Agra Oudh India 4, 51 (1934). 


5G. Damkohler and R. Edse, Naturwiss. 31, 310 (1943). 
6N. D. Smith, J. Opt. Soc. Am. 28, 40 (1938). 
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Fic. 1. Absorption coefficient for hydrogen peroxide vapor 
(average values). 


cross section, which was viewed end-on through 
a quartz window attached to a side arm on one 
of the electrode tubes. This side arm projected 
through the water jacket which surrounded the 
entire discharge tube. A somewhat similar glass 
window system was provided on the other elec- 
trode tube in order to facilitate lining-up of the 
source with the rest of the optical system. The 
capillary was coated on the inside with a thin 
layer of platinum for the purpose of causing 
recombination of any atomic hydrogen formed 
in the discharge. This source gave a very intense 
continuous spectrum characteristic of molecular 
hydrogen when operated in series with a high 
resistance from a 2200 volts a.c. source at a 
current of one-half ampere. It was found that no 
noticeable change in intensity could be observed 
by means of photographs taken at intervals of 
one-half hour during the operation of this dis- 
charge tube. 

The absorption cell used for hydrogen peroxide 
vapor was a 3.8-cm diameter Pyrex tube 183 cm 
long, fitted with quartz windows. Hydrogen 
peroxide vapor was introduced by bubbling 
nitrogen through several saturators containing 
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hydrogen peroxide’ and causing the nitrogen 
containing the vapor to flow at a constant rate 
through the absorption cell. The concentration of 
the vapor in the cell was determined by ob- 
serving the rate of flow of nitrogen by means of 
a calibrated capillary-type flow meter and 
analyzing the exit gas for hydrogen peroxide by 
titration with potassium permanganate. The 
hydrogen peroxide was separated from the 
nitrogen in the exit gas by use of a warm and 
cold wall trap of recent design.* This type of 
trap, which employs one wall kept at liquid-air 
temperature and the other near room tempera- 
ture, with a spacing of about two millimeters 
between the two walls, is superior to conventional 
traps in that it avoids loss of condensable ma- 
terial through fog formation. The concentration 
of hydrogen peroxide in the cell could be varied 
by changing the concentration of the solution in 
the saturators. 

Chemical analyses of the exit gas, with and 
without the light source on and under otherwise 
identical conditions, showed that no appreciable 
photo-chemical decomposition of hydrogen per- 
oxide took place. A Hilger quartz spectrograph 
(focal length 20 cm), which had been modified 
for this spectral range, was employed. The in- 
strument was equipped with means for cir- 
culating nitrogen through the light path, thus 
avoiding difficulty with the oxygen absorption 
bands between 1800 and 2000A. Eastman Type 
II-0 ultraviolet sensitized plates were used. Wire 
mesh screens of known transmission were in- 
serted between the lenses (region of nearly 
parallel light) with the empty absorption tube 
in place in order to allow comparison on a given 
photographic plate of the blackening produced 
by various intensities at a given wave-length 
during equal exposures. Comparisons of blacken- 
ing were made on a microphotometer. This 
method avoids dependence on the reciprocity law 
for photographic emulsions, since only the fact 
that equal blackening is produced by equal 
exposure to the same intensity on the same plate 
is used. As a matter of practical manipulation, in 


7 The hydrogen peroxide used in the investigation was 
a commercial 90 percent solution of very high purity an 
exceptional stability kindly supplied by the Buffalo 
Electrochemical Company, Buffalo, New York. 
8D. H. Volman, J. Chem. Phys. 14, 707 (1946). 
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order to determine the percentage transmission 
of the vapor at a giver wave-length, the photo- 
graphic density (given by the microphotometer 
reading) for a given time of exposure was plotted 
against the logarithm of the known transmission 
for the various screens and for the empty tube; 
this, as would be expected, yielded a nearly 
straight line. The unknown transmission could 
then be found from photographic density of the 
exposure taken with hydrogen peroxide vapor in 
the light path by interpolation. Although this 
was a laborious process, it was necessary, espe- 
cially in the transmission range above about 70 
percent, since no screens with transmission larger 
than about 65 percent were available. 

A short absorption cell of conventional design 
was used in the study of the absorption of 
aqueous solutions in this wave-length range. 
Otherwise, the experimental procedure was the 
same as for the vapor. 

For the measurements at 2537A, the experi- 
mental set-up consisted of a quartz mercury arc, 
the same lens system and absorption cell arrange- 
ments as described above, and a photo-cell for a 
detector. 

The quartz mercury arc, of conventional 
design, was operated on high voltage a.c. with a 
large series resistor to limit the current to a few 
milliamperes. Under these conditions, more than 
99 percent of the radiant energy below 3100A 
was found to be concentrated in the line 2537A. 

An argon-filled photo-cell with a cadmium 
cathode was employed. Since the photoelectric 
threshold of cadmium is about 3100A, this ar- 
rangement made the system essentially mono- 
chromatic. An amplifier of standard design,® 
employing an electrometer tube (type FP-54), 
was used with the photo-cell. 


Ill. EXPERIMENTAL RESULTS 


The absorption of the vapor in the range 2200 
to 1850A was found to increase steadily toward 
the shorter wave-lengths. In particular, there 
was no evidence at all to indicate a “sharp cut” 
in the spectrum at 2055A as reported by Sharma 
in his previously discussed paper. Figure 1 shows 
the average values of the absorption coefficients 
found over this wave-length range. The absorp- 





tesa) DuBridge and H. Brown, Rev. Sci. Inst. 37, 392 
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tion coefficient plotted here is defined by the 
equation a=(1/cd) In(Io/I), where c is the con- 
centration in molecules/cc, d is the length of the 
light path in cm, J is the intensity of the incident 
light, and J is the intensity of the transmitted 
light. This is the convention used by Urey, 
Dawsey, and Rice;? other values cited have been 
converted to this basis. In constructing this 
curve, the average of the absorption coefficient 
calculated from each of six plates (each of which 
contained three sets of exposures) was taken. 
Individual values from the various plates are in 
good agreement, so there is no reason to believe 
that the average given is in error (except possibly 
at the extreme short wave-length end of the 
range) by more than 10 percent at most. Ab- 
solute accuracy greater than this would have 
been very difficult to obtain in this region, since 
the sensitivity of the photographic plate varies 
somewhat (due to irregularities in the fluorescent 
coating, probably) and the intensity of the 
source decreases rapidly toward the shorter wave- 
lengths. 

Comparison of the values of the absorption 
coefficient of the vapor which our results yielded 
with those in the two previously discussed papers 
in the wave-length region in which the measure- 
ments overlapped gives reasonably good agree- 
ment. For example, at 2200A, Urey, Dawsey, 
and Rice got 29X10-* for the absorption coef- 
ficient, Furgusson and co-workers got about 
38 X10-* and our value is 28 10-*. 

Several plates were made for the determination 
of the absorption spectrum of hydrogen peroxide 
solutions. These were carefully compared (in a 
qualitative manner only) with the plates for 
equivalent values of concentration times path 
length for the vapor, and there is apparently no 
marked difference in the nature of the absorption 
in the two cases. The absorption increases 
steadily toward shorter wave-lengths, with no 
“sharp cut” at 2055A. 

The determination of the exact value for the 
absorption coefficient at 2537A was carried out 
for both the aqueous solution and the vapor, for 
reasons previously cited. The average value of 
the absorption coefficient for aqueous solutions 
was found to be 7.6X10-”, with a r.m.s. devia- 
tion of 0.310~-*° between values from separate 
determinations. The value compares quite satis- 
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factorily with the average of 7.9 10-* obtained 
by several investigators mentioned previously." 
Since the photoelectric technique employed is a 
better method of measuring relative intensities 
than the photographic method used by the 
earlier investigators, our value may be better 
than the average of the previous determinations, 
although we hesitate to say that it certainly is 
in view of the spread of values between individual 
determinations. 

The figure reported is corrected for absorption 
by liquid water. This correction, although quite 
small, is necessary in order to obtain agreement 
between values of the absorption coefficient of 
hydrogen peroxide for solutions of various con- 
centrations. The previous investigators men- 
tioned did not indicate whether they made this 
correction or not; it may have been that they 
all worked with solutions concentrated enough 
to make it negligible anyway. If their concen- 
trations were such that a correction should have 
been made and it was not made, this would help 
to explain the fact that we obtained a somewhat 
lower average value than that given in the 
literature. Obviously, such a correction need not 
be applied to the experiments on the vapor, 
since the concentration of water molecules is 
comparatively very much less. 

The average value of 7.410-*° was obtained 
for hydrogen peroxide vapor. This is to be com- 
pared with a value of about 1110-*° found by 
Furgusson and co-workers.’ We believe that our 
value is to be preferred because of the refinements 
in technique employed. At any rate, the values 
obtained show quite clearly that there is no 
appreciable difference between the absorption 
coefficient for the aqueous solution and for the 
vapor at this wave-length. The value 9.0 x 10-* 
obtained by Urey and co-workers? is also higher 
than our value for the vapor. 


IV. DISCUSSION OF RESULTS 


A. Measurements at 2537A 


The fact that the absorption coefficients of the 
solution and the vapor at 2537A are the same 
is not unexpected. Furgusson and co-workers,* 


10 See Landolt-Bornstein, Physikalisch-Chemische Tabel- 
len (Julius Springer, Verlag, Berlin, 1936), fifth edition, 
Eg. (IIIb), p. 1335. 





who observed a difference, very probably did so 
because of the very great difficulty of obtaining 
correct values for the concentration of the vapor 
by chemical analysis because of fog formation. 
This difficulty has been noted by others working 
with hydrogen peroxide vapor,’ and resulted in 
the design of the special form of trap mentioned 
above. We found that special precautions had 
to be taken to avoid this trouble. At any rate, 
as Furgusson and co-workers point out, the 
usual explanations (e.g., chemical reaction with 
the solvent to form a new compound in solution 
as in the case of aqueous chlorine solutions) 
would not be expected to apply to the case of 
hydrogen peroxide, so no difference is to be 
expected. 


B. 1850 to 2200A Measurements 


A formulation similar to that used by Urey 
and co-workers? in the discussion of their experi- 
mental observations seems to be the best avail- 
able method for the interpretation of our results 
in this region. Hydrogen peroxide may be con- 
sidered to be a pseudo-halogen, formed of two 
OH radicals in a way similar to the formation of 
halogen molecules from the individual atoms, 
even though the chemical and physical properties 
show little similarity to those of the halogens. 
This type of model is in accord with the structure 
proposed by Penney and Sutherland," which isa 
non-planar structure, with the angle between 
OH groups as seen projected on a plane normal 
to the O—O bond of about 100°. This structure, 
incidentally, allows satisfactory explanation of 
the rather observed dipole moment of hydrogen 
peroxide. This large dipole moment has been 
taken by Sharma‘ as support for a different 
structure which he proposed on the basis of a 
“sharp cut”’ in the absorption spectrum at 2055A. 
The results of our measurements show that there 
is now no basis for Sharma’s views. The infra-red 
absorption spectrum of hydrogen peroxide may 
also be interpreted as supporting the structure 
proposed by Penney and Sutherland.” Further- 
more, the absence of such a “‘sharp cut’’ obviates 
the necessity of placing a limit on the energy of 


11 W. G. Penney and G. B. B. M. Sutherland, J. Chem. 
Phys. 2, 492 (1934). 

21. N. Zumwalt and P. A. Giguere, J. Chem. Phys. 2, 
458 (1941). 
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dissociation of water vapor, which has been done 
by means of a rather involved indirect argument 
by Damkohler and Edse.5 

The energy change for dissociation into two 
OH groups cannot be exactly calculated, but it 
can be approximated from the following thermo- 
chemical equations. All values are taken from the 
previously mentioned paper by Urey and co- 
workers, except that for the second equation, 
which is based on later measurements. This 








HOOH= HOH + 30, 
2HOH=2H+20H 
2H= H. 

H2+ 402= HOH 
HOOH= 20H 


— 25.2 cal. 
236.4 cal. 
— 102.5 cal. 
— 57.8 cal. 
50.9 cal. 








value (50.9 cal.) corresponds to a wave-length of 
5620A, so the energy available over the range in 
which absorption is known to take place is cer- 
tainly sufficient to dissociate the molecule in this 
way. The molecule might be expected, in analogy 
to the halogens, to dissociate into one normal 
and one excited OH, which would require more 
energy than that calculated above, but since 
the first excited level for OH is only 140 wave 
numbers (of the order of the rotational energy 
of the molecule), this factor does not modify our 
calculations appreciably. The main intensity of 
the absorption occurs far to the violet side of the 
long wave-length limit calculated here. 


®R. J. Dwyer and O. Oldenberg, J. Chem. Phys. 12, 
351 (1944). 


The continuous absorption spectra of the 
halogens each show a maximum in the range in 
which measurements have been made. This 
maximum is to be expected on the basis of a 
theoretical treatment which has been applied 
to the case of chlorine“ with considerable success, 
even to a quantitative prediction of the tem- 
perature dependence of the absorption. If hy- 
drogen peroxide has such a maximum (and it 
presumably does), it is farther in the ultraviolet 
than our measurements extended. 

No such quantitative theoretical treatment for 
hydrogen peroxide as is possible in the case of 
the halogens seems possible. In the first place, 
the potential curves for the molecule are not 
known. The fact that this molecule consists of 
four atoms rather than two, as in the case of the 
halogens, introduces many new degrees of 


freedom. Our naive comparison of the process of 
dissociation by light to the similar process for the 
halogens is at best very approximate. 

R. B. Holt and C. K. McLane wish to express 
appreciation for National Research Council Pre- 
doctoral Fellowships which made this investiga- 
tion possible. The authors are grateful for finan- 


cial support by the Rumford Fund of the Amer- 
ican Academy of Arts and Sciences. The Buffalo 
Electrochemical Company kindly supplied the 
hydrogen peroxide used and furnished valuable 
advice on several points. 

4G. E. Gibson, O. K. Rice, and N. S. Bayliss, Phys. 


Rev. 44, 193 (1933); G. E. Gibson and N. S. Bayliss, 
Phys. Rev. 44, 188 (1933). 
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An investigation of the acetone photolysis in the ‘‘continuum’”’ and in the “banded” region 
has been made in clean quartz vessels and in vessels coated with potassium chloride and with 
lead. No appreciable change in the C:H¢/CO ratio occurs in the coated vessels. This is surprising 
since biacetyl formation is apparently at least partly heterogeneous, and the ratio would be 
expected to be sensitive to the condition of the surface. 

A few experiments were also made on the mercury photosensitized decomposition of acetone. 
Very high C;H¢/CO ratios were found. It is concluded that this is due merely to higher absorbed 


intensities for a given incident intensity. 





INTRODUCTION 


GREAT many papers have been published 

on the photolysis of acetone. The products 

of the reaction are chiefly C2H¢, CO, and biacetyl, 

and the reaction is frequently followed by the 

measurement of the ratio C2,H.¢/CO. This ratio 

would be unity if no biacetyl formation occurred, 

and infinite if all acetyl radicals combined to 

form biacetyl. There is some uncertainty as to 
the extent by which the reactions 


CH;CO-—CH;+CO (1) 
and 


may occur heterogeneously. The evidence sug- 
gests that (2) is predominantly heterogeneous at 
lower pressures.'! It follows therefore that an 
increase in the extent or effectiveness of the sur- 
face should increase the formation of biacetyl, 
and hence, increase the ratio C2H.¢/CO, while a 
decrease should decrease the ratio. The reaction 
would thus be expected to be sensitive to the 
condition of the surface. 

An investigation has therefore been made of 
the C2H./CO ratio in the products of the acetone 
photolysis in clean quartz vessels and in vessels 
coated with potassium chloride and with lead. 
Potassium chloride was used because it has been 
shown to make a pronounced change in the 
character of the surface as far as H-atom reac- 

* Contribution No. 1627 from the National Research 
Council, Ottawa, Canada. 

(san, a review see W. Davis, Jr., Chem. Rev. 40, 201 


2K. H. Geib and E. W. R. Steacie, Zeits. f. physik. 
Chemie B29, 215 (1935). 
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tions” or oxidation processes are concerned,’ and 
because it is transparent to the effective radiation 
and thus permits the coating of the entire cell 
including the incident face. Lead was used since 
a metal surface might iiave different properties, 
and because of some recent free radical work in 
which lead mirrors were present.‘ 


EXPERIMENTAL 


The usual type of vacuum system, etc. was 
employed. The reaction vessel was a cylindrical 
quartz cell, 5 cm diameter, 10 cm long, with 
plane polished ends. The light source was a 
Hanovia Type S lamp in a water-cooled reflector. 
For the ‘“‘continuum’”’ a chlorine filter, 10 cm long, 
1 atmosphere pressure was used. This gave radia- 
tion mainly in the neighborhood of \2537 (A2537 
itself was completely reversed). For the ‘“‘banded” 
region the same lamp was used with a 6-mm 
Pyrex filter. 

The potassium chloride coating was put on the 
cell by cleaning with fuming nitric acid, washing 
thoroughly, and rinsing out the cell with a satu- 
rated solution of KCl and drying. The lead coat- 
ing was distilled on from a side tube in a high 
vacuum. The incident face of the cell was then 
cleared of lead by flaming. 

Since the object of the work was merely to 
compare clean and coated cells, no attempt was 
made to determine quantum yields or to make a 
detailed investigation of pressure, intensity, etc. 
The amount of gas produced per second was used 

3R. N. Pease and P. R. Cheesebro, Proc. Nat. Acad. 
Sci. (Washington) 14, 472 (1928). 


4M. H. Feldman, M. Burton, J. E. Ricci, and T. W. 
Davis, J. Chem. Phys. 13; 440 (1945). 
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as a measure of I,»s. as in the work of Spence 
and Wild. 

Gas analyses were done by a condensation 
method. Gas from the reaction system was 
pumped by a mercury vapor pump into a cold 
trap. The non-condensable gas was pumped from 
the trap into a calibrated system by means of a 
Toepler pump. CO and CH, were pumped off 
at liquid nitrogen temperature, and C2He at 
— 150°C. Trial runs with synthetic mixtures gave 
completely satisfactory separations. Agreement 
within the experimental error was also obtained 
in analyses by the Ward fractionation method. 

Inalarge number of experiments the CO—CH, 
fraction was analyzed by combustion. The meth- 
ane production was always small (6 to 8 percent) 
and was quite reproducible, and in the remain- 
ing experiments a correction to the “non- 
condensable”’ fraction was made for methane. 

Acetone was Mallinckrodt’s Analytical Re- 
agent grade. It was distilled before used and 
stored over magnesium perchlorate. 


RESULTS 


A series of runs were first made at 150 mm 
pressure and approximately constant intensity. 
The results are given in Table I. In a second 
series of runs the pressure was varied. Since the 
variation in pressure produced a large change in 
I,bs. pairs of runs were done under comparable 
conditions with a clean bulb and a KCl coated 
bulb. The results are given in Table II. The in- 
tensities were considerably lower in this series. 

While no attempt has been made to do a com- 
plete investigation over a range of absorbed in- 
tensity and pressure, the results in Table II are 
in general agreement with previous work. Thus 
Herr and Noyes' found that at 3130A° a decrease 
in pressure raised the C2H¢/CO ratio, while a 
decrease in Is. lowered it. The pressure effect is 
somewhat larger than the intensity effect, and 
hence at constant incident intensity and decreas- 
ing pressure the ratio C2:Hs/CO should increase 
as found here. At \2537 the effects are smaller, 
and the change is in the opposite direction. 


DISCUSSION 
From Tables I and II it is apparent that 
within the experimental error, the treatment of 


*D. S. Herr and W. A. Noyes, Jr., J. Am. Chem. Soc. 
62, 2052 (1940). nashdiand , 


PHOTOLYSIS OF ACETONE 


TABLE I.* 








Gas pro- 














Wave- duced cc 
length, per sec. CrHe 
A P, mm 105 co Remarks 

2537 151 31.6 1.91 Clean cell 
2537 150 41.8 2.30 
2537 150 43.1 2.40 
2537 151 37.3 2.46 Mean 
2537 147 35.0 2.36 CoHe _ 2.26 
2537 152 37.5 2.11 —o 
2537 150 41.9 2.20 KCl coated cell 
2537 150 41.4 2.22 Mean 
2537 157 37.7 2.26 C:He_, 23 

CO 
2537 149 33.0 2.15 Lead coated cell 
2537 150 31.8 2.23 Mean 
2537 150 32.1 2.10 C:He_, 16 

CO ‘ 
3000+ 150 is 1.37 Clean cell 
3000+ 149 3.4 1.33 Mean 
3000+ 150 2.9 1.37 CoHe_, 36 

CO 7 
3000+ 150 2.5 1.31 KCI coated cell 
3000+ 150 2.3 1.38 Mean 

CoHe _ 

CO” 1.34 
3000+ 151 0.7 1.11 Lead coated cell 

Mean 

Coe at 


“CO 








* Temperature =25°C. 


the surface with KCl has no effect on the 
CsH,/CO ratio. The results with lead are less 
reliable, but at least it may be said that with 
2537 a lead surface has no appreciable effect. 


TABLE II.* 

















Wave- Gas produced, 
length, ce per sec. C2He 

A P,mm 105 CO Remarks 
2537 151 5.35 1.72 Clean bulb 
2537 150 3.3 Lo KCl 
2537 50 3.3 1.67 Clean 
2537 50 3.4 1.60 KCl 
2537 10.0 0.99 1.58 Clean 
2537 11.0 0.99 1.55 KCl 
3000+ 153 0.42 0.92 Clean 
3000 +- 150 0.46 1.01 KCl 
3000+- 50 0.066 1.21 Clean 
3000+- 50 0.12 1.20 KCl 
3000+ 18.5 0.055 1.48 Clean 
3000+ 18.5 0.025 1.58 KCl 








* Temperature =25°C. 
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TABLE III. Mercury photosensitized decomposition 
of acetone.* 








Gas produced, 





cc per sec. C2He 
105 co 
0.088 2.00 
0.13 2.40 
0.26 2.82 
0.49 3.03 
0.67 3.41 
0.85 3.42 
0.86 3.60 
1.16 3.60** 
1.23 3.94 
3.3 4.50 
9.9 








* Pressure 50 mm; Temperature 25°C. 
** KCl coated cell. 


It is surprising that the ratio is not sensitive to 
the condition of the surface. While the present 
work cannot rule out the occurrence of surface 
reactions in the photolysis, it can at least be said 
that it offers no confirmation of the prominence 
of surface effects in the pressure range used. 


MERCURY PHOTOSENSITIZED REACTION 


In the course of a few preliminary experiments 
in which a resonance lamp was used as a source 
of \2537, it was noticed that very high C.H./CO 
ratios were obtained when mercury was present. 
From the absorption coefficient of acetone® and 
the ‘‘equivalent absorption coefficient’? of mer- 
cury vapor for \2537 at 20°C it appears that 
about 98 percent of the radiation would be ab- 
sorbed by mercury in a cell containing 50 mm of 
acetone saturated with mercury vapor. While this 
calculation ignores pressure broadening, etc., 
there seems to be no doubt that mercury will 
absorb most of the radiation. Also, by analogy 
with other substances the quenching cross section 
of acetone for excited mercury atoms would be 
expected to be very high. It therefore appears 
that the mercury photosensitized reaction can 
be investigated without much competition from 
the direct photolysis. The high C,:H./CO ratios 
were therefore presumably due to the photo- 


6®C. W. Porter and C. Iddings, J. Am. Chem. Soc. 48, 
40 (1926). 

7A. C. G. Mitchell and M. Zemansky, Resonance Radia- 
tion and Excited Atoms (Cambridge University Press, 
Teddington, England, 1934) p. 203. 
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TABLE IV. Comparison of results (A2537).t 













Approximate 





2rie ° 

Investigation Tabs. (relative) CO eats 
Herr and Noyes* 1 La 
This paper (Table I) 6 2.2 
Spence and Wild** 12 2.4 
Anderson and Rollefson*** 250 3.6 
Photosensitized reaction 2500 4.8 








+ Temperature 25°C; pressure 5 cm. 

* See reference 6. 

** R. Spence and W. Wild, J. Chem. Soc., 352 (1937). 
( #*e* H, W. Anderson and G. K. Rollefson, J. Am. Chem. Soc. 63, 816 
1941), 






sensitized reaction, and it seemed worth making 
a brief investigation of it. 

The apparatus, etc. was identical with that 
described above. A few drops of mercury were 
placed in the reaction vessel. The light source 
was a low pressure, high voltage discharge with 
neon as a carrier. This gave most of its emission 
as \2537 and light of longer wave-lengths was 
removed by a chlorine filter. Well over 90 percent 
of the total radiation absorbed by acetone was 
\2537, and the direct photolysis was therefore 
almost negligible. 

The results of a series of runs at 50 mm pres- 
sure and various intensities are given in Table III. 

The products of the reaction were unaltered, 
and there seems to be no doubt that the basic 
mechanism was the same as that of the pho- 
tolysis. At low enough intensities the ratio is 
approaching that of the photolysis, but at high 
intensities it is much higher. 

The effect is satisfactorily explained as due 
merely to the much higher absorbed intensity 
near the face of the cell for a given incident in- 
tensity. The radiation will be largely absorbed 
in the first 3 or 4 mm when mercury is present 
in the cell. The effect will thus be to raise the 
absorbed intensity per cc. near the front of the 
cell by a factor of the order of 40. On this as- 
sumption the results then compare with those of 
previous workers roughly as shown in Table IV. 
The estimates of I,,5., etc. in various investiga- 
tions are very rough, but show the general trend 
clearly. 

It thus appears that the C2H¢/CO ratio in the 
photolysis continues increasing to very high 
values at very high absorbed intensities. 
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A table of constants is given whereby one may at once write down, knowing the vibrational 


frequencies, the best approximation of the form C,°=Ao+Ai7+A27? to the heat capacity of 


a gas with translational, rotational, and vibrational (harmonic) degrees of freedom. 





HE heat capacities of gases (in the limit of 

zero pressure) are now quite frequently 
calculated from a knowledge of the vibrational 
frequencies, and estimates of any restricting po- 
tentials. This calculation is scarcely a difficult 
one if one wishes to find the heat capacity at a 
single temperature. However, in several common 
types of thermodynamic problem it is convenient 
to have a simple algebraic expression for the heat 
capacity as a function of temperature; even 
though the simple expression is only approxi- 
mate, its convenience in use compensates for its 
inaccuracy. Such simple expressions are often 
fitted to values calculated for a few temperatures 
from the exact expressions. 

Having observed that the necessary “‘fitting”’ 
could be done once for all, we proceeded to carry 
this out for the Einstein functions. Table I pre- 
sents constants with whose aid one can at once 
write down, for any rigid molecule, the expression 


Cy? =AotAiT+A2T? (1) 


which will give the best possible (least-square) 
approximation in this form over the temperature 
range from 250° to 1500°K. 

It is clear that similar tables could be calcu- 
lated to give the ‘“‘best’’ constants for other ap- 
proximating forms, such as By+B,T+B,7T~; 
and, perhaps more valuable, similar tables for the 
contribution of hindered internal rotations. 


USE OF THE TABLE 


The table gives, for each frequency w, the 
contributions ado, a1X10-*, a2X10-* to the con- 
stants Ao, Ai, Ae in Eq. (1). One must add up 
the contributions of the several vibrational fre- 
quencies, giving double or triple weight to doubly 
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or triply degenerate frequencies, and including a 
translational-rotational contribution ad )=6.954 
for linear or a9 =7.948 for non-linear molecules. 
The constants used here give C,° in cal./mole 
deg.; absolute temperatures (degrees Kelvin) 
should be used in (1). 

In the first part of Table I (150 cm<w<600 
cm) and in the last (w>3000 cm), the values 
given for the a; are accurate to the last place; in 
the middle part, the values may be in error by 
one or two units in the last place. The two needed 
universal constants were taken to be (hc/k) 
= 1.4385 cm deg. and R=1.9869 cal./mole deg. 
Since the significant parameter in the calculation 
is not w but a=(hc/k)(w/1500), any change in 
the accepted values of (ic/k) can be compensated 
by the use of an adjusted value of w in entering 
the table; thus if (kc/k) should increase by 5 
percent, one would adjust all frequencies of the 
molecule of interest by 5 percent upward, and 
use Table I as given. A change in the accepted 
value of R will affect the value of C,° from Eq. 
(1) directly; hence if R should increase 5 percent, 
one may compensate by increasing the final con- 
stants Ao, A1, Az by 5 percent each. 

It is unlikely that values of w higher than those 
in Table I will be of interest. For w less than 150 
cm~!, the a; can be calculated from the series 
(20); a few terms will suffice. 


EXAMPLES 


Thus, the equation for the heat capacity of 
ethylene may be found from the vibrational fre- 
quencies! as follows, using linear interpolation in 


Table I: 


1G. Herzberg, Infra-Red and Raman Spectra of Poly- 
atomic Molecules (D. Van Nostrand Company, Inc., New 
York, 1945), p. 326. 
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w (cm™) ao a1 a2 
Trans.-rotn. 7.948 — 
—1.391 


825 —.151 3.365 

943 — 402 3.620 — 1.460 

949.2 —.415 3.630 — 1.462 

995 — .492 3.690 — 1.471 
1050 —.579 3.741 —1.471 
1342.4 — .816 3.573 —1.275 
1443.5 — .834 3.400 — 1.158 
1623.3 —.815 3.009 — .922 
2989.5 —.143 181 443 
3019.3 — 132 147 454 
3105.5 —.103 057 484 
3272.3 —.05 —.10 52 


Rus 





Cp°=3.016 + 28.313K10"T —8.709X10-°T? 


The accuracy of this approximation is shown in 
Table II. 

The accuracy will of course depend on the dis- 
tribution of frequencies for the molecule con- 
cerned; in general, we may expect the approxi- 
mation to err by less than 2 percent. As a rela- 
tively unfavorable example, we consider carbon 
dioxide? 


w (cm!) ao a a2 
Trans.-rotn. 6.954 a — 
667.3 (twice) .287 2.789 — 1.182 

1336.9 —.813 3.581 — 1.280 
2349.3 —.450 1.240 —0.004 





C,p° =6.265 + 10.399 10-*T —3.648 x 10-*7? 


The accuracy is again shown in Table II. 


CALCULATION OF THE TABLE 
The Normal Equations 


The true heat capacity of a perfect gas is 
given by 
C,(T) = La cw, T), (2) 


where the parameters w may be regarded as gen- 
eralized to include translation, rotation, etc., as 
well as the frequencies of vibration. We desired 
to approximate this in the range 250 deg. <T 
<1500 deg. by a function 


I(T) =Aot+AiT+A2T’; (3) 
our criterion is that 


1500 
1=f (C—T)*dT =minimum. (4) 


250 


It seems worth while to give the fundamental 
theorem we use: that if we have a set of functions 


¥(w, T) =d(w) +a;(w) 
X10-*T+a2(w) X10-®T? (5) 


2 Frequencies from reference 1, p. 274. 
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each approximate to one of the set c(w, T), so 


that for each w 
1500 
ibe f - NT antsinen, © 
250 


then the function I satisfying (4) is 
I(T) = Lia yo, T). (7) 


The proof is easily written out. 
We have for the vibrational contributions 
to (2) 
c(w, T) =c(x) = Rx*e*(e7—1)~, (8) 


where R is the gas constant and 
x =hew/kT =1.4385(w/T). (9) 


The requirement (6) on the approximate func- 
tions y leads to the ‘‘normal equations’’ deter- 
mining the a,: 


ao(w) AT) +4;(w) ATE +0(w) AT Gt 
=I,(w); k=0,1,2. (10) 
Here 
AT = (10-**/k) (1500* —250*) (11) 
and 


1500 
I,.(w) = to-aaen f c(w,T)T*dT. (12) 


250 


Equations (10) can be solved to give 


do(w) = 29.3184] o(w) 

— 70.963211(w) +37.4784]2(w), 
a1(w) = — 70.9632Io(w) 

+186.77761;(w) —103.219272(w), (13) 
a2(w) = 37.4784] o(w) 

— 103.21927;(w) +58.9824]o(w), 


so that we need only evaluate the J;(w). 


Calculation for #<600 cm 


For small values of w, it is convenient to calcu- 
late the J,(w) from their series expansions. Equa- 
tions (8), (9), and (12) combine to give 

6a 


I,(w) =(1.5a)*# f c(x)x-F8dx, (14) 


where ° 
a= 1.4385(w/1500) = 1.4385y. (15) 


Now expansion of (8) gives 


c(x)=R ¥ (1—n)(B,/n!)x", (10) 


n=0 
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where the B, are the Bernoulli numbers: By=1, 
By= —4, B=}, B;=0, By= — 1/30, aaa, Sub- 
stituting (16) in (14) and integrating term by 
term, one obtains 


Ix(w) = R(1.5)*4 5 (1—n)(By/n!)Co_asa", (17) 


where 


Cn=(1/n)(6"—1). (18) 


Introduction of (15) and R=1.9869 cal./mole 
deg. into (17) yields 


Io(w) = 2.483625 — 2.569660y? 
+3.81077u4 — 6.78961 ,° 
+12.64625u5— 23.78977!° 
+ 44.8567? —84.6271y4+---, 

I,(w) = 2.173172 — 1.381264? 

+1.39581y4— 2.120396 
+3.68842u' — 6.69087 u!° 
+12.3356y!?—22.9198u4+---, (19) 
Io(w) = 2.224914 —0.963623y? 
+0.59820yu4 —0.70407u° 
+1.10641u8—1.91167p"" 
+3.42655u —6.25086u"4+ ---. 


Values of the J,(w) calculated from (19) for 
0.10<y<0.40 are given in Table I, along with 
the a.(w) found from them. 

For values of 4=w/1500 less than 0.10, the 
a,(w) may be calculated from the series 


do(w) = 1.9869 — 13.4345? 
+35.0941u4—74.9783y5+ ---, 
a;(w) = 23.8265? —71.4641y4 
+158.4446u®—---, (20) 
a2(w) = — 10.5706u? + 34.0304 y4 
—77.1265p°+:--. 


Calculation for #>3000 cm! 


At the upper end, we may use 


(1—e-*)2= 5 (n+1)e-™* (21) 


n=0 


to expand (8); then our integrals become, with 
a change of variable, 


© 6na 
Ii(w) =R(1.5a)k4 ¥ nk { y-e-udy. (22) 
n=1 


na 
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TABLE I. 
zB w (cm) Io hh I: ao a a2 
0.00 O 2.48362 2.17317 2.22491 1.987 .000 -000 
0.10 150 2.45830 2.15950 2.21534 1.856 231 —.102 
11 165 2.45308 2.15666 2.21334 1,829 .278 —.123 
12 180 2.44739 2.15357 2.21116 1.801 329 —.145 
13 195 2.44125 2.15022 2.20880 1.770 383 —.169 
14 210 2.43467 2.14662 2.20625 1.737 A41 —.195 
15 225 2.42766 2.14278 2.20353 1.702 -502 —.221 
-16 240 2.42023 2.13869 2.20063 1.665 566 —.249 
17 255 2.41239 2.13437 2.19755 1.626 633 —.279 
18 270 2.40415 2.12982 2.19430 1.586 -702 —.309 
19 285 2.39553 2.12503 2.19087 1.544 774 —.341 
-20 300 2.38653 2.12003 2.18728 1.501 848 —.373 
me 315 2.37717 2.11480 2.18352 1.457 .924 —.406 
22 330 2.36747 2.10937 2.17960 1.411 1.002 —.440 
.23 345 2.35744 2.10372 2.17552 1.364 1,082 —.474 
24 360 2.34708 2.09787 2.17127 1.317 1.163 —.509 
25 375 2.33642 2.09183 2.16687 1.268 1.244 —.544 
.26 390 2.32547 2.08559 2.16231 1.218 1.327 —.580 
.27 405 2.31423 2.07917 2.15760 1.169 1.411 —.616 
-28 420 2.30273 2.07256 2.15724 1.118 1.495 —.652 
.29 435 2.29098 2.06578 2.14773 1.067 1.579 —.687 
.30 450 2.27898 2.05883 2.14258 1.016 1,663 —.723 
31 465 2.26676 2.05171 2.13729 964 1.747 —.759 
32 480 2.25432 2.04443 2.13186 912 1.831 —.794 
33 495 2.24169 2.03700 2.12169 861 1.915 —.829 
34 510 2.22886 2.02942 2.12059 809 1,997 — .863 
35 525 2.21585 2.02169 2.11476 -757 2.079 —.897 
.36 540 2.20268 2.01383 2.10880 .706 2.160 —.931 
37 555 2.18935 2.00583 2.10271 .655 2.240 —.964 
38 570 2.17588 1.99770 2.09650 .604 2.319 — .996 
39 585 2.16228 1.98945 2.09018 553 2.396 —1.027 
40 600 2.14857 1.98108 2.08373 .503 2.472 —1.058 
45 675 2.07852 1.93761 2.04980 .263 2.824 —1.196 
50 750 2.00687 1.89185 2.01336 +.044 3.124 —1.308 
55 825 1.93457 1.84432 1.97472 —.151 3.365 —1.391 
60 900 1.86236 1.79545 1.93417 —.320 3.547 —1.445 
65 975 1.79081 1.74561 1.89197 —.462 3.672 —1.471 
70 1050 1.72036 1.69513 1.84839 —.579 3.741 —1.471 
75 1125 1.65133 1.64428 1.80367 —.671 3.758 —1.448 
80 1200 1.58393 1.59331 1.75804 —.740 3.730 —1.404 
85 1275 1.51833 1.54241 1.71169 —.788 3.663 —1.342 
90 1350 1.45462 1.49176 1.66481 —.819 3.563 —1.267 
95 1425 1.39285 1.44152 1.61759 —.834 3.436 —1.181 
1.00 1500 1.33307 1.39182 1.57019 —.836 3.288 —1.087 
1.05 1575 1.27528 1.34276 1.52275 —.827 3.123 —.988 
1.10 1650 1.21946 1.29444 1.47541 —.809 2.945 — .885 
1.15 1725 1.16559 1.24694 1.42829 —.784 2.759 —.780 
1.20 1800 1.11365 1.20034 1.38151 —.753 2.569 —.675 
1.25 1875 1.06362 1.15470 1.33519 —.717 2.377 —.572 
1.30 1950 1.01545 1.11007 1.28941 —.678 2.185 —.471 
1.35 2025 96910 1.06649 1.24424 —.637 1.996 —.374 
1.40 2100 92452 1.02398 1.19975 —.595 1.812 —.281 
1.45 2175 88168 98257 1.15602 —.551 1.632 —.192 
1.50 2250 .84052 94229 1.11311 —.508 1.458 —.107 
1.35 2329 80101 -90315 1.07107 —.464 1.291 —.028 
1.60 2400 .76310 86517 1.02995 —.421 1.132 +.046 
1.65 2475 .72674 82835 -98977 —.380 .982 -114 
1.70 2550 69188 -79268 95056 —.341 .840 177 
1.75 2625 65848 -75816 91236 —.302 -706 -235 
1.80 2700 .62649 -72479 87518 —.265 581 .288 
1.85 2775 59586 69256 83904 —,231 466 335 
1.90 2850 -56655 66146 -80395 —.198 359 377 
1.95 2925 53853 -63147 -76991 —.167 .259 415 
2.00 3000 51173 .60257 73692 —.139 .168 447 
2.1 3150 4617 -5480 6741 —.09 O01 50 
2.2 3300 4158 4973 6152 —.04 —.12 53 
2.3 3450 3742 4508 .5606 —.01 —.22 56 
2.4 3600 3366 -4082 .5102 +.02 —.30 57 
2.5 3750 -3023 3690 4633 +.04 —.36 .57 
2.6 3900 .2712 3330 4200 +.06 — Al 57 
2.8 4200 .2177 -2702 3438 +.09 —.46 54 
3.0 4500 1741 2182 .2798 +.10 —.47 50 
3.5 5250 0983 .1258 .1639 +.10 —.39 .36 
4.0 6000 .0545 .0710 .0937 +.07 —.28 .24 
5.0 7500 0161 .0215 .0286 +.02 —.08 .07 






























These can be integrated by parts and in terms of 
the exponential integral 


—E(-—x)= J e*xdx 











(23) 
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TABLE II. Accuracy of approximate formulas for 
ethylene and carbon dioxide. 








T(°K) 250 500 750 1000 1250 1500 





Ethylene 
Cp° true® 9.346 15.165 19.471 22.501 24.691 26.276 
Cp° calc. 9.550 14.995 19.352 22.620 24.763 25.890 


Carbon Dioxide 
Cp° true 8.325 10.664 12.063 12.938 13.493 13.854 
Cp° calc. 8.637 10.553 12.012 13.016 13.564 13.656 








* “True” values are calculated from Eq. (2). 
b “‘Calc.”’ values are computed from equations of the form (5). 


to give 


To(w) = R(1.5a)[(e*—1)*— (e%*—1)*], (24) 


Ii(w) = R(1.5a)* 5 nl —E,(—na) 
a +Ei(—6na)], (25) 
I2(w) = R(1.5a)*{ e-%a“1 (1 —e-*) 
— ¢-##(6)“1(1 —e-6a) 2 
~¥ w-E(—na)+E(—6na)]}. (26) 


n=1 


For w>3000 cm-—, it is sufficient to take 


In R(1.5a) (e*—1)—, (27) 
Ii=R(1.5a)? > nl —E,(—na) |, (28) 


Is1.5Re* (Io)? — R(1.5a)* 
Xx > n’[ —E;(—na)]. (29) 


n=1 


These equations were used to calculate the J; 
and a, in the last part of Table I. 


Calculation for Intermediate w 


As always, there is the intermediate range 
(600 cm-! <w<3000 cm) where neither series 
is convenient; we evaluated these J;,(w) by nu- 
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merical integration. It is convenient to calculate 
by Gregory’s formula? a set of integrals 


ait+l 
Ji(wi, @i41) -{ c(x)x*"dx; *=1,2,---. 
gs (30) 


The a, are an appropriate sequence of values of 
a. The J;,(w) then follow from relations of the 


form 
wi+1=6a 


LD Sk(wi, wit). (31) 


wi=o 


T.(w) = (1.5a)*# 





Values of the J,(w) for 0.40<y<2.00 computed 
in this manner, using the table of Einstein func- 
tions given by Taylor and Glasstone,‘ are given 
in Table I, with the corresponding a,. 


Accuracy 


The series expansions at either end were carried 
out far enough so that the last digit in the /, 
should be off not more than 1; the a; should be 
good to the last digit given. In the intermediate 
range the last digit given for the J; is not sig- 
nificant, and the a, may be off 1 or 2 in the last 
place. 

The Jo can of course be evaluated in closed 
form in terms of the heat-content function. We 
evaluated it by the same methods used for /; 
and J. chiefly to provide a check. 
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’ Cf. for example, Margenau and Murphy, The Mathe- 
matics of Physics and Chemistry (D. Van Nostrand Con- 
pany, Inc., New York, 1943), p. 459. 

* Taylor and Glasstone, Treatise on Physical Chemistry, 
Volume I (D. Van Nostrand Company, Inc., New York, 
1942), p. 655. 
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Poisoning films of exceptional thermal stability are formed on a platinum catalyst when 


heated in a silicone vapor (hexamethyldisiloxane) at pressures of the order 10-* mm. These 
films prevent the combination of hydrogen and oxygen at low pressures and are not removed 
until heated to about 1440 K in the presence of hydrogen (or to higher temperatures in oxygen). 
It is suggested that the film may consist of a silicon oxide oriented with the silicon atoms 
attached directly to the platinum and presenting an outer layer of oxygen atoms, effectively 


shielding the catalyst. 





INTRODUCTION 


HE poisoning of platinum catalysts by 

various gases at ordinary temperatures has 
been observed by chemists for over a century. 
The reaction between hydrogen and oxygen at 
low pressures provides a convenient means for 
studying this poisoning. At a known temperature 
the reaction velocity serves as a measure of 
extent of the active surface. Although large 
differences exist in the behavior of the known 
gases which cloak the platinum and which are 
responsible for the poisoning, it has been appar- 
ent that all of these gases are easily removed with 
restoration of the catalytic activity merely by 
heating the surface to incipient color. In this 
connection, Langmuir found! that the H.+O, 
reaction is not sensitive to the previous treat- 
ment of the platinum when heated to the range 
700 to 1900 K: the platinum in this temperature 
range showed no poisoning effect. This, in con- 
trast to the known behavior of tungsten, cer- 
tainly illustrates the ease with which adatoms on 
platinum are generally removed. Use of these 
characteristics is made, for example, in the micro- 
analysis of gases,? where the usual procedure is 
simply to heat the platinum filament to a dull 
red to complete the combustion of oxygen and 
hydrogen (or of other mixtures). 

In connection with a study of gas reactions 
occurring at low pressures in the region around 
the minute heated areas of carbon brush con- 
tacts, we found that a platinum filament used 
for the ignition of hydrogen and oxygen was 


‘1. Langmuir, Trans. Faraday Soc. 17, 621 (1921). 
*F. J. Norton and A. L. Marshall, Am. Inst. Mining 
Met. Eng. Tech. Pub. No. 1643 (1944). 
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mysteriously poisoned so that no combination 
of these gases would occur at the dull red heat. 
Upon raising the filament temperature, the 
inactivity was found to persist up to 1340K. 
Even at this temperature no reaction was de- 
tectable in the apparatus, which was sensitive to 
pressure changes of the order 0.1 micron. Finally 
the activity was restored by flashing at white 
heat; within 10 seconds, 50 percent of the gas 
mixture was cleaned up by condensation of the 
water in a cold trap. The unusual stability of 
the poison film, initially of unknown origin, led 
us to the following brief study of its nature and 
properties. 


APPARATUS 


The apparatus consisted of a Pyrex-Nonex 
vacuum system (10-mm average bore) containing 
McLeod and Pirani gauges, cold traps, mercury 
cut-offs, gas storage bulbs and, in a side arm, 
the tube containing the filament (a 10-mil diam- 
eter wire in the form of an inverted loop, spot- 
welded at the ends to the leads). This system 
had been used in other work and was not changed 
for the study of the poisoning (although other 
arrangements would clearly have been more 
convenient) because the source was indicated 
to lie in the system, and it was intended not to 
disturb this. 

Gas or vapor pressures were read in terms of 
the unbalance current indicated by microam- 
meters which were connected in a calibrated 
bridge containing the Pirani indicator and com- 
pensator. The filament brightness temperatures 
were measured with a disappearing-filament 
pyrometer and were corrected to absolute tem- 
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peratures from data in the International Critical 
Tables (5, 245; 1929). 


INITIAL EXPERIMENTS 
Source of the Poison 


At first, with this apparatus, many attempts 
were made to duplicate the original accidental 
poisoning by exposing the platinum at various 
temperatures to the gases which had been under 
study at the time. All of these failed. It was 
then recalled that the apparatus had been ex- 
posed to a silicone vapor (hexamethyldisiloxane*) 
a few days previously, and it was found that the 
glass walls were still evolving this vapor at a rate 
sufficient to build up a pressure of 1 to 2 microns 
when the pump had been closed off for an hour. 
The vapor was suspected as having contributed 
to the effect and, accordingly, a fresh quantity 
was admitted (25-micron pressure). Upon heat- 
ing the platinum in this vapor for about 30 
seconds, the poisoning occurred: mixtures of 
hydrogen and oxygen, tested subsequently, would 
not combine perceptibly although the platinum 
was held at the high temperature (1340 K) for 
several minutes, Fig. 1 (curve A). The test 
consisted in observing the gas pressure while the 
filament was heated and while one of the traps 
was chilled with liquid nitrogen to condense the 
reaction product. 

Next it was found, consistent with the initial 
observations, that the film responsible for this 
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Fic. 1. Clean up of H2+O2 mixture by platinum at 
1340 and at 1440 K after poisoning at 1340 K. For He, 
1 microampere= 1.8-micron Hg; O2, 1 microampere=4.0 
microns-Hg. 


*[(CHs);Si]20, vapor pressure 40 mm (mercury) at 
room temperature. 
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poisoning was quickly destroyed and rapid clean 
up of the gases occurred immediately (Fig. 1, 
curve B) when the filament temperature was 
increased to 1440 K in the hydrogen-oxygen 
mixture. 

It was further found that the poisoning could 
be reproduced easily, a silicone pressure as low 
as 10-* mm being adequate. The introduction of 
fresh silicone for each experiment was not neces- 
sary because the silicone continued to evolve 
slowly from the glass after a single exposure of 
the system to it, and this residual vapor was 
sufficient to provide an effective pressure for 
many trials although the apparatus was re- 
peatedly evacuated below 0.01 micron. Thus 
when a low pressure of the silicone was required 
for an experiment, the system was exhausted 
and closed off from the pumps, and the trap 
chilled with liquid nitrogen; then after warming 
the trap to the range — 110 to —80C, the residual 
silicone pressure would gradually build up to one 
or two microns, and these low pressures were 
used for poisoning. 


METHOD OF TESTING 


In order to estimate the relative extent of the 
poisoning resulting from the different experi- 
mental treatments which were tried, the filament 
was tested immediately after each treatment by 
heating to 1340 K in a mixture of hydrogen and 
oxygen** at a total pressure of 20 to 40 microns; 
then, from the observed clean-up rates, the half- 
time (7) for hydrogen clean up was determined. 
This will be illustrated in the following para- 
graphs. 


Effect of Temperature upon the Poisoning 


The effect of the filament temperature (as 
maintained during exposure to the silicone) upon 
the poisoning subsequently evaluated is shown 
in Fig. 2. The slopes indicate the rates of gas 
clean up at the filament test temperature 1340 K, 
following exposure to the silicone at the different 
poisoning temperatures indicated for the pre- 
treatments for each of the curves. Curve A gives 
the reference slope for the clean platinum. 

From the known initial partial pressures of the 
component gases in these experiments, separate 


** The concentration of oxygen was a few microns in 
excess of that necessary for complete combustion. 
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Fic. 2. Clean up of H2+O2 mixture by platinum at 
1340 K. Pre-treatment: A—fire 1800 K, vacuum. B— 
heat 523 K, residual vapor. C—heat 723 K, residual vapor. 
D—fire 1340 K, residual vapor. 


clean-up curves for each of the cases in Fig. 2 
were plotted, as shown, for example, in Fig. 3. 
From the slopes of the hydrogen curves thus 
obtained, the half-times were determined. These 
are given in Table I. From these data it is seen 
that the poisoning effect begins at a platinum 
temperature between 523 and 723 K and is nearly 
complete at 1340 K (7=28 minutes). 


Stability of the Poison Film 


It was mentioned earlier that the filament was 
cleaned by high firing to 1440 K or above in the 
gas mixture or in vacuum. Rapid clean up of 
the hydrogen-oxygen mixture followed repro- 
ducibly at the test temperature 1340 K. Further 
study showed that this reactivation process did 
not occur readily when the high firing was carried 
out in oxygen alone. For example, when the 
poisoned filament had been fired to 1610 K in 
oxygen and was tested subsequently in the gas 
mixture (test-temperature 1340), the half-time 7 
was found to be 50 minutes, indicating that only 
slight reactivation had occurred. In contrast, 
when the poisoned filament had been fired in the 
hydrogen-oxygen mixture, to the considerably 
lower temperature 1440, 7 was found in the 
subsequent standard test to be 0.1 minute 
representing a clean filament. Thus the chemical 
stability of the poisoning film was much lower 
with hydrogen present than in oxygen. 

This stability of the film was affected not only 
by the chemical environment when fired, after 
the poisoning, but also by the history of the 
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Fic. 3. Clean up of He and O: by platinum at 1340 K after 
poisoning at 723 K (Fig. 2, C). 


platinum prior to the silicone exposure. For 
instance, the perceptible pressure fall noted on 
Fig. 2 after the 1340 treatment (curve D), for 
which 7 = 28 minutes in Table I, was inconsistent 
with earlier observations where the clean-up rate 
had been zero (r= ©). It was finally shown that 
the film stability was lowered if the platinum 
had been exposed to a small amount of oxygen 
(about 0.5 micron) while being heated just before 
or during the exposure to the silicone. It was 
next found that the most stable film could be 
readily formed by cleaning the platinum in 
hydrogen and then poisoning it by exposure to a 
mixture of hydrogen and silicone vapor at 1340 K. 
This procedure effectively excluded oxygen, 
Thereafter the filament was completely inactive 
when tested in a hydrogen-oxygen mixture 
(r=). In contrast, the effect of an oxygen 
pretreatment (before poisoning) was to lower 
the stability of the film subsequently formed so 
that when finally tested + was found to be only 
a few minutes. 


NATURE OF THE POISONING FILM 


The composition of the film formed on the 
platinum by the silicone exposure is not known. 
The quantity of vapor required to form a mono- 
layer on the filament in our apparatus (volume 
= 530 cm*) would require a pressure difference 
of much less than 1 micron. As might be ex- 
pected, no pressure changes have been observed 
during the film formation. The solid reaction 
products have not been isolated. The micro- 
manipulation of gases in the system containing 
the silicone vapor has presented unexpected 
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TABLE J. Half-time for the hydrogen clean up in relation 
to platinum poisoning temperature. 








Filament test 
in He+O2 


Filament pre-treatment mixture: half- 





Poisoning Temper- time for He 
exposure ature T 
Curve minutes Atmosphere “-. (minutes) 
A 0. (Fired in vacuum) 1800 0.11 
15 seconds 
B 2 Silicone vapor 523 0.10 
Cc ym Silicone vapor 723 1. 
D 0.5 Silicone vapor 1340 28. 








complications, owing to preferential sorption 
effects between the silicone and water vapor, 
which compete for the glass surface. For example, 
following the condensation of the reaction prod- 
uct (water) in the coid trap during a clean up of 
the gas mixture, the condensate was sealed 
between the mercury cut-offs and the trap was 
warmed. Previously the silicone pressure had 
been low (1.34), and it was anticipated that the 
vapor from the trap would be mainly water. 
The total pressure of the evolved vapor (17.y) 
was reasonably close to that of the water which 
was calculated as having condensed, but upon 
closer study this vapor was found to contain 
only a small percentage water (1.64) and was 
mainly silicone. This curious effect was noted 
repeatedly and was one of the factors which 
interfered with the analytical handling of the 
gas samples. It was proven to be the result of 
the competitive and preferential sorption already 
mentioned. 

From the clean-up effects alone, however, 
some conclusions can be drawn regarding the 
nature of the films which poisoned the platinum. 
There are seemingly two types: (1) that which 
combined with the clean platinum and (2) that 
which combined with the oxygen-coated plati- 
num. 

It is suggested that the first of these, which is 
the more stable and which possesses the more 
reproducible characteristics, is an oxide of silicon, 
oriented so that the silicon atoms are attached 
directly to platinum atoms, the outer surface of 
the film being composed of oxygen atoms. (This 
is analogous to the carbon monoxide film which 
poisons platinum at low temperatures and which 
is known to be oriented with the carbon atoms 
attached directly to the platinum.)! 
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The observed properties of the film, as de- 
scribed, support this view in the essential details. 
A silicon monoxide film chemically bonded to 
the metal would show the low vapor pressure 
which is the outstanding characteristic of the 
present film and also would evaporate in some 
reproducible temperature range near white heat, 
as this film apparently does during the reactiva- 
tion of the filament. Further, the evaporation 
would occur at a higher temperature in oxygen 
than in hydrogen-oxygen mixtures: with hydro- 
gen present and at the lower temperature, the 
oxide would be reduced with the formation of a 
volatile product. 

The formation of a silicon monoxide film would 
be expected to begin with the cleavage of the 
Si—O bond in the silicone molecule and adsorp- 
tion of the organosilicon fragments on the clean 
platinum. The subsequent oxidation or loss of 
the methyl groups would then yield the stable 
silicon oxide on the metal and traces of CO: and 
water in the ambient. If this is correct, we 
should expect other alkyl silicones to produce 
similar poisoning. 

A monolayer of silicon monoxide derived from 
the silicone vapor thus appears to account for 
the unusually stable poisoning film described. 
It is not known, however, whether the filming 
process would stop upon completion of the mono- 
layer since at the rather high temperatures of 
these experiments, continued decomposition of 
the vapor may occur. Bearing upon this, it has 
been observed that the silicone vapor in the 
absence of oxygen is not cleaned up at a per- 
ceptible rate by the hot filament through the 
temperature range up to 1500 K; and this would 
indicate that the rate of film formation, after 
the initial monolayer, is, at most, relatively low. 
It is probable that the silicone molecule is much 
more stable toward the (suggested) monoxide 
surface than toward the clean platinum, in 
which case the rate may fall to zero upon 
completion of the initial layer. 

In a later paper, it will be shown that carbon 
(or graphite) is coated similarly when heated in 
silicone vapor so that it also shows remarkable 
properties, among which is that of not combining 
with oxygen at temperatures up to at least 
1200 K. 
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Phosphors with a bright visible fluorescence and a long lasting afterglow can be prepared by 


grinding potassium chloride with small amounts of a thallous salt in a mortar. The character 
of the luminescence spectra and the phosphorescence decay depends on the thallium concen- 
tration. The behavior of other alkali halides under the same treatment and some conclusions 


concerning the probable carriers of the luminescence are discussed. 





1. INTRODUCTION 


MPURITY activated alkali halide phosphors 

were prepared for the first time as single crys- 
tals by Pohl and his collaborators.! Most of their 
work, especially with respect to the emission 
process, was performed with thallium activated 
potassium chloride and bromide. Although the 
visible luminescence of such phosphors was men- 
tioned on one occasion, the u-v emission was in- 
vestigated almost exclusively.” Probably this was 
due to the fact that at the low thallium ¢oncen- 
trations generally used in single-crystal phos- 
phors the visible luminescence is relatively weak 
and does not extend far into the region of greater 
wave-lengths. Later it was shown that KCI(T1) 
and KBr(Tl) phosphors of very high visible 
luminosity can be obtained by crystallization 
from a boiling aqueous solution saturated with 
potassium and thallous chlorides or bromides.’ 


2. PREPARATION OF THE NEW PHOSPHORS 


It has now been found that phosphors with 
similar properties can be prepared by grinding 
potassium chloride together with a small quan- 
tity of a thallous salt in a mortar. The anion of 
the thallium salt is of no importance; identical 
results were obtained using TIC], TINOs:, and 
TSO, Exactly as in the single-crystal phos- 
phors, only fluorescence is excited in the new 
phosphors when they are irradiated with light of 


*Now at the Department of Physics, University of 
London, England. 
ee Now at the Argonne National Laboratory, Chicago, 
Inols. 
rR, Pohl and E. Rupp, Ann. d. Physik 81, 1161 (1926). 
* W. Buenger, Zeits. f. Physik 66, 311 (1930); W. Buenger 
and W. Flechsig, ibid. 69, 637 (1931). 
*Peter Pringsheim, Rev. Mod. Phys. 14, 132 (1942). 
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wave-length 2537A, while phosphorescence is 
excited by light of wave-lengths below 2300A. In 
the following, the term luminescence is always 
applied in the sense of visible fluorescence under 
excitation with the Hg line 2537, if the contrary 
is not stated explicitly. 

The source for 2537 line irradiation was a so- 
called “‘mineral light’’ lamp, a low pressure mer- 
cury arc with a filter transmitting the u-v down 
to 2400A. The quality of the finished phosphors 
was the same whether they were prepared in day- 
light, in the dark, or under “mineral light,” but 
in the latter case, the formation of the phosphor 
can be demonstrated in a very striking manner. 
Under these conditions, bright spots appeared in 
the microcrystalline powder mixture practically 
at the instant when the pestle touched it, and 
after a minute of grinding the whole powder was 
converted into a uniformly luminescent material. 

While this was the general behavior in all in- 
stances, the luminescence of the powder became 
much brighter and changed from a more bluish 
to a more yellowish white when the air was very 
humid or when the pestle was slightly moist. Al- 
though the quantity of water present under these 
conditions was so small that the finished phos- 
phor powder seemed to be quite dry, this experi- 
ence suggested that the introduction of thallous 
ions into the KCl lattice was due to the fact that 
the surfaces of the KCI crystals were first at- 
tacked by water. Therefore, all materials used 
(mortar, pestle, and the two salts) were baked in 
an oven for several hours at 150°C and put into 
a desiccator during the cooling period. The re- 
sults obtained with these materials immediately 
after being taken from the desiccator did not 
differ from those obtained previously. It must be 










TABLE I. Fluorescence bands of KCI(T1) 
phosphors (wave-lengths in A). 
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TABLE II. Relative intensities of the bands emitted by 
KCI(TI1) phosphors of different Tl concentrations.* 























Designation a b b’ c Phosphor T1% a b b’ c 
Band limi 2800-3300 3600-4050 4450-4700 5200-6300 
Gas woes (000 3850 4570 s400;c100 10) 13.4 — - ” st 
C(11) 2.7 none m m st 
C(12) 0.66 m st m m 
“ Cay 0.25 m st m w 
admitted, however, that the grinding was per- C(14) 0.05 st st w none 
8 8 - C(15) 0.01 st st vw none 


formed in the presence of atmospheric air, so that 
some moisture was always present during the 
grinding, and it still seems probable that this is 
essential for the production of luminescence. 

For the experiments described above, at first 
the crystalline powders of KCl and TICI were 
heated in a common evaporating dish to 170°C, a 
small quantity of the thallium salt being placed 
on top of the potassium salt. After 12 hours of 
this treatment the whole surface of the KCl 
powder had become luminescent, with the strong- 
est luminosity in the immediate neighborhood of 
the Tl powder, while the Tl powder itself re- 
mained completely dark. When the experiment 
was repeated at 135°C, the TICI powder was sur- 
rounded by a narrow luminescent ring even after 
one hour, and after 12 hours the ring had ex- 
tended into a halo about 1 mm wide. At 100°C 
and below similar effects could not be observed. 
In the final experiment the two salts (KCI and 
TICI) were kept in separate dishes and mixed 
only after having cooled to room temperature. 

In order to obtain some indications concerning 
the mechanism by which the activation takes 
place, a series of powders with varying thallium 
content were prepared. The starting mixture con- 
tained 1.5-g TIC] and 3-g KCI or 13.4 molar per- 
cent of TICI. This was diluted successively with 
KCl, each time adding 3 g of KCI to 1 g of the 
preceding preparation, so that the second mix- 
ture contained one part (by weight) of TIC] in 12 
parts of the total mixture, the following one part 
TICI in 48 parts of mixture, and the seventh one 
part TIC] in 12288 parts of mass, corresponding 
to a change in molar percentage from 13.4 to 
0.0025. Such a series was numbered C(10) to 
C(16), C(10) being the initial mixture. C(10) was 
relatively little luminescent after having been 
ground ‘‘dry,’”’ but became brilliantly luminescent 
with a yellowish-white color after grinding with 
a slightly moistened pestle. The luminescence of 
each following preparation was somewhat darker 
and more bluish than the preceding one, but even 
after prolonged grinding they never attained the 











st =strong; m =medium; w =weak; v w =very weak. 


luminescence intensity of C(10) and C(11) and 
all gained in luminosity by ‘moist grinding.” 
The luminescence of the last samples, C(15) and 
C(16), was rather weak and more violet, but still 
very perceptible. 


3. FLUORESCENCE SPECTRA 


Fluorescence spectra of various samples were 
obtained by means of a Steinheil, one-prism glass 
spectrograph for the visible and with a Hilger, 
quartz GH spectrograph for the u-v. Eastman 
I F spectrographic plates were used for the long 
wave-length region; exposures with I N plates 
did not reveal the existence of any fluorescence 
bands with wave-lengths exceeding 6300A. The 
spectra were in good agreement with those de- 
scribed earlier. Altogether there were four bands 
or band groups which are listed in Table I, using 
the same nomenclature as in the earlier paper.’ 

It has been shown in this paper that the relative 
intensities of the various bands depend greatly on 
the wave-length of the exciting light, but it has 
already been mentioned there that the long wave- 
length band c had its greatest intensity at high Tl 
concentrations and was missing at the lowest Tl 
concentrations. This result was confirmed with 
the new phosphors and the color shift in the 
luminescence from whitish yellow to violet was 
found to be due to this change in the relative 
band intensities. The spectrograms made it clear 
that the apparent loss in luminosity with de- 
creasing Tl concentration was not due exclusively 
to a corresponding loss of total fluorescence yield, 
but also to a transfer of energy to the u-v emis- 
sion bands. Table II lists the relative intensities 
of the various bands emitted by phosphors of 
various Tl concentrations. Some of the spectra 
are reproduced in Figs. 1 and 2. 

The relation between the excitation and emis- 
sion spectra of these phosphors and the thallium 
concentration can be interpreted by the assump- 
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tion that the phosphors contain (at least) two 
types of centers. The first is characterized by a 
relatively narrow absorption band of great in- 
tensity and the luminescence bands of shorter 
wave-length; the absorption band of the second 
is much lower and more diffuse and overlaps the 
former on both sides, while the corresponding 
emission bands lie in the region of greater wave- 
lengths. Light of a wave-length which coincides 
with the peak of both absoption bands excites the 
centers of the first type strongly and those of the 
second type appreciably less. If the wave-length 
of the exciting light is shifted from the peak of 
the absorption bands to greater or smaller values, 
the excitation becomes more favorable for the 
centers of the second type. Finally, one must as- 
sume that higher thallium concentrations favor 
the formation of centers of the second type. It 
may be mentioned in this connection that the 
short wave-length absorption bands of KCI(T1) 
phosphors become very broad and diffuse at high 
thallium concentrations. 


4. PHOSPHORESCENCE 


In all impurity activated alkali halide phos- 
phors, fluorescence is excited only when the wave- 
length of the primary radiation coincides with 
the wave-length of the first absorption band of 
the phosphor (for KCI(T1): A1=2475A), while 
phosphorescence in addition to fluorescence is ex- 
cited by light of shorter wave-lengths covering 
the second absorption band of the phosphor 
(for KCI(T1): A2=1950A). In this respect also 
the phosphors prepared by grinding behaved ex- 
actly like those prepared by crystallization and 
the original single-crystal phosphors. 

The shape of the decay curve of these phos- 
phors has been a matter of much controversy: 


2655 
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Fic. 2. Ultraviolet fluores- 
cence spectra of KCI(TI) phos- 
phors of various Tl concen- 
tration. 
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Fic. 1. Visible fluorescence spectra of KCI(T1) phosphors 
of various Tl concentration and of a KI(T1) phosphor. 


strictly exponential or in other cases only slightly 
deviating from exponential accordigg to Buenger 
and Flechsig* and Randall and Wilkins; strictly 
hyperbolical and following the laws of a second- 
order reaction according to Antonov Roma- 
nowski® and Birus and Zierold? (all working with 
single-crystal phosphors and measuring the u-v 
afterglow); hyperbolic at first, later exponential, 
but not in agreement with the laws of a second- 
order reaction even during the hyperbolic phase 
according to one of the authors (P.P.).* In this 
last instance, the visible and the u-v phosphor- 
escence of microcrystalline powder obtained by 
crystallization from aqueous solutions followed 
the same law of decay. 

Decay curves of the visible afterglow were ob- 
tained with the new phosphors by means of a 
photo-multiplier tube hooked up to an Esterline 
Angus recorder which allowed the decay to be 
followed from 1 second after the end of the exci- 
tation for a period of 30 minutes through an in- 
tensity drop from 1 to 3-10-*. This was attained 
by increasing the amplification of the photo- 
current by a factor ten each time when the de- 
flection of the galvanometer pen had decreased 
to one-tenth of its initial value. By connecting 


3131 3650 
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4097 4358 
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‘W. Buenger and W. Flechsig, Zeits. f. Physik 67, 42 (1931). 
/ 7. Randall and M. H. F. Wilkins, Proc. Roy. Soc. 184, 366 (1945). 
*W. W. Antonov Romanowski, Bull. Acad. Sci. U.S.S.R. 5, 523 (1941); J. Phys. U.S.S.R. 7, 153 (1943). 


"K. Birus und H. Zierold, Naturwiss. 30, 63 (1942). 
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Fic. 3. Decay curve of a 
KCI(TI) phosphor. 
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the multiplier tube directly to a sensitive galva- 
nometer, the decay could be followed without 
difficulty for 24 hours. The phosphors were ex- 
cited for 60 seconds with the radiation from a 
condensed spark between iron electrodes. The 
intensity of the irradiation could be altered in 
steps from 100 to 10 to 1 by varying the distance 
between the spark gap and the phosphor which 
was covered with a quartz plate. 

The decay curves were similar, though not 
identical, for the various samples. Only samples 
of the type C(10), with the highest thallium 
concentration and the brightest yellowish white 
fluorescence exhibited a very weak afterglow of 
the same color which was perceptible only for a 
few minutes. The samples C(12) with 0.66 per- 
cent Tl and a bright white fluorescence and C(15) 
with 0.01 percent TI and a relatively weak violet 
visible fluorescence showed equally strong and 
persistent phosphorescence. This is probably 
caused by the fact that the photo-cathode of the 
multiplier tube has its highest sensitivity in the 
violet. 

The curve in Fig. 3 shows that the decay is 
certainly not exponential and is not represented 
by a straight line in a graph of log intensity 
versus time. It is better represented by a straight 
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line in a graph of log intensity versus log time 
with a slope corresponding to the relation: 


T=Iot. 


The following two experiments made it quite clear 
that the process follows neither a first-order nor 
a second-order law. In the first instance, the 
complete curves of the decay during the first 15 
seconds were recorded after excitation with in- 
tensities 1:10:100. The absolute luminescence 
intensities differed greatly and were reduced in 
Fig. 4 by a factor such that they coincided at the 
end of 15 seconds. The initial slope of curve 4, 
corresponding to the strongest excitation, is much 
steeper than that of 6 and c. For an exponential 
decay the three curves should coincide. However, 
the behavior shown in Fig. 4 is similar to that 
caused by a second-order reaction. In the second 
experiment, the sample was irradiated with light 
which in one case had an intensity ten times 
larger than in the other, but the high intensity 
curve was recorded only after it had dropped 
the point from which the low intensity curv 
started. The two curves should coincide in 4 
second-order reaction, but the curve in which the 
phosphor had already lost a great part of its 
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initial intensity is appreciably less steep than the 
other (Fig. 5). 

Such decay curves can, of course, be inter- 
preted by assuming an adequate distribution of 
trap depths, but they might also be explained 
by second-order reactions which are strongly dis- 
torted by the microcrystalline and very inhomo- 
geneous structure of the material. 


5. OTHER ALKALI HALIDES 


Mixtures of potassium bromide and thallous 
salts showed a behavior quite analogous to that 
of the chloride mixtures, and since this had also 
been observed with respect to the phosphors pre- 
pared by precipitation, no further investigation 
was deemed to be necessary. When potassium 
iodide was ground together with thallous chlor- 
ide, it produced a phosphor with a very bright 
blue-green luminescence (spectrum in Fig. 1). 
While the non-luminescent pure powders of KI 
and TIC] or TINO; were pure white, the color of 
the mixture turned into a light yellow the mo- 
ment the grinding began. 

Potassium fluoride did not become fluorescent 
when ground together with TICI, but the powder 
mixture which had retained its white surface in 
daylight after having been ground, turned into a 
dark gray almost immediately after exposure to 
“mineral light.” Instead of exciting photo- 
luminescence, the light in this case produces a 
photo-chemical reaction of still unknown nature. 
The darkening was quite persistent, when the 
powder was kept in the dark for many days, nor 
did it change much when exposed to daylight. 
TIC] and KCI separately remain white after an 
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indefinite time of exposure to mineral light. 
When the non-luminescent powder, even after 
being darkened, was reground together with 
some KCI, the new mixture became luminescent 
to about the same degree as corresponded to the 
quantity of thallium salt and potassium chloride 
in the mixture. 

NaCl with an admixture of TICI did not show 
the slightest trace of visible fluorescence after 
the same treatment which produced the highly 
fluorescent KCI(T1) phosphors. It must be em- 
phasized that, according to Hilsch and others, 
NaCl(T1) phosphors prepared as single crystals 
from the melt have their first absorption and 
fluorescence excitation band at 2540A. No visible 
fluorescence could be obtained by prolonged 
grinding nor by grinding with a wet pestle. After 
excitation with the light from a spark between 
aluminum electrodes a very weak afterglow could 
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Fic. 5. Decay curve of a KCI(TI) phosphor excited with 
different intensities and recorded at the same phosphor- 
escence intensity range. 








be perceived with dark-adapted eyes. When a 
small quantity of KCl was added to the powder 
and grinding restarted, luminescent spots began 
to appear immediately. 

Grinding of cesium bromide together with a 
thallous salt produced a powder with visible 
luminescence; but its intensity was far weaker 
than that of potassium salts containing the same 
concentration of thallous ions and its color was 
more greenish. The facts enumerated in the last 
section seem to prove that potassium halides 
have a specific tendency to form luminescence 
centers with thallous ions. The only characteristic 
property which seems to favor potassium as com- 
pared with sodium is the smaller difference be- 
tween the ionic radii of K* and TI. 


6. PROBABLE CARRIERS OF THE 
LUMINESCENCE 


X-ray diffraction patterns of a strongly lumi- 
nescent KCI(T1) phosphor powder show the lines 
characteristic of KCl and TICI exclusively. The 
KCI lines were not displaced by a measurable 
shift with respect to those characteristic of pure 
KCI; the lattice spacing was certainly not altered 
by more than 1:1000 (Fig. 6).*** Thus it seems 
certain that no large quantities of thallium ions 
had replaced potassium ions in the base lattice. 

The crystal fragments forming the powder 
could be viewed under a microscope of low mag- 
nification (1:10) in transmitted light as well as 
in their own fluorescent light under mineral lamp 
excitation. It was quite obvious that those parts 
which looked bright and transparent in the first 
instance remained dark in the second, while the 
strongly luminescent parts were nearly opaque 
for white light. This indicates that the crystals, 
or perhaps only their surfaces, must have been 


*** We are greatly indebted to Mr. R. W. Mattoon who 
not only took the x-ray picture, but also made a very 
careful analysis of the lines appearing on them. 


E. H. HUTTEN AND P. PRINGSHEIM 


Fic. 6. X-ray pattern of a KCI(T1) phosphor; lines marked above belong to KCl 
and those marked below to TIC. 








more or less damaged in the parts which had been 
converted to the phosphorescent modification. 

Since no complete incorporation of the thal- 
lium ions in the potassium chloride lattice seems 
to have occurred, one might assume that only a 
small fraction of the foreign activator does react 
with the base material. However, the very defi- 
nite difference in the behavior of the various 
mixtures containing different concentrations of 
thallium is very striking. It is certain and has 
been verified repeatedly that the initial mixture 
containing 13.4 percent mole percent of thallium 
exhibits a much brighter and more yellowish 
fluorescence and a much weaker afterglow than 
the following phosphor containing only 2.7 per- 
cent Tl, which in turn differs very clearly from 
the phosphor with 0.66 percent Tl. Thus one is 
lead to assume that the amount of activator 
reacting with the base material is dependent on 
the quantity of Tl present in the mixture, al- 
though not all thallium present takes part in the 
formation of phosphorescent centers by pro- 
longed grinding. The color change from white to 
yellow which is observed when KI is ground to- 
gether with TICI indicates that in this case the 
thallium salt is converted to TII; the light yellow 
color which the mixture acquires matches very 
closely the color of TII. Therefore, one is induced 
to suppose that also if other salts, such as T12SO. 
and TINOs3, are ground together with KCl or 
KBr, the thallium salts are converted to the 
corresponding thallium halides. If this hypothesis 
is correct, some alkali metal must be liberated in 
the reaction. This question will be cleared up 
when more x-ray diffraction pictures which are in 
preparation will be available. At any rate, the 
samples prepared with thallous nitrate and sul- 
fate are indistinguishable with respect to their 
luminescence properties from those prepared with 
thallous chloride. 
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Ultrasonic Velocity in a Series of 1-Olefins 
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The ultrasonic velocity for the temperature range 10° to 30°C has been measured for seven 
members of a 1-olefin series. Densities and refractive indices were also measured. From the 
measurements, values of the molecular sound velocity, adiabatic compressibility, and molecular 
refractivity were computed. The ultrasonic velocity is found to vary linearly with temperature, 
while the molecular constant, MV!/d, remains substantially constant. The constant is found 
to be strictly additive for the series members studied. 









T is becoming increasingly apparent that 

measurements of the velocity of ultrasonic 
waves in liquids can be of valuable aid in the 
study of molecular structure. In this regard, the 
velocity and, more especially, its derived molecu- 
lar constant, will perhaps be found to compare 
favorably with the parachor and the molecular 
refractivity, for example. A major contribution 
in this direction was made by Rao! when he 
showed that there exists a molecular sound ve- 
locity characteristic of each substance, which is 
a function of the ultrasonic velocity, the density, 
and the molecular weight. Later Lagemann and 
Dunbar® pointed out the simple relationships 
existing between this new molecular constant and 
others longer established. The constant has been 
evaluated by Rao'* for the members of a few 
series, for which fairly reliable data on velocity 
are available. These results indicated that the 
constant is additive, taking on additional incre- 
ments of about 195 units’ for the addition of each 
CH: group. The size of this increment varies 
more within a series and more from series to 


series than does, say, the parachor increment; 
whether this is real or due to poor measurement 
of velocity and density is not yet clear. 

In view of the scanty data available on this 
new property, it seemed worth while to extend 
ultrasonic and density measurements to a series 
of olefins which was available. Particularly does 
this study appear appropriate when it is realized 
that much of the ultrasonic velocity data now 
available is not accompanied by accurate density 
measurements performed on the same sample. 
Often there is doubt as to the purity of the 
sample studied. 




























EXPERIMENTAL 


The seven compounds studied are listed in 
Table I. They were obtained in very pure form 
through the kindness of Dr. C. T. Lester* who 
had prepared them for a study of the addition of 
4-mercaptobiphenyl to a series of 1-olefins. Im- 
mediately before the ultrasonic measurements, 
the compounds were again distilled, all but one 
boiling within a one degree range. 


TABLE I. Measured values of the ultrasonic velocity, density, and refractive index for a series of 1-olefins. 


























Ultrasonic velocity Density Refractive index 
(M/sec.) (g/cc) (D line) 

Compound 10°C 20°C 25° 30°C 10°C 20°C 30°C 10°C 20°C 30°C 
1-Heptene 1189 1128 1082 0.7069 0.6995 0.6910 1.4060 1.4007 1.3953 
1-Octene 1229 1184 1146 0.7238 0.7183 0.7100 1.4140 1.4091 1.4037 
1-Nonene 1258 1218 1201 1179 0.7411 0.7330 0.7252 1.4209 1.4161 1.4111 
1-Decene 1290 1250 1214 0.7510 0.7435 0.7359 1.4260 1.4218 1.4167 
1-Undecene 1315 1275 1255 1235 0.7594 0.7523 0.7447 1.4301 1.4260 1.4212 
1-Tridecene 1353 1313 1294 1276 0.7739 0.7670 0.7596 1.4373 1.4332 1.4290 
1-Pentadecene 1390 1351 1313 0.7867 0.7800 0.7731 1.4436 1.4398 1.4352 
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'M. Rama Rao, Ind. J. Phys. 14, 109 (1940). 

*?R. T. Lagemann and W. S. Dunbar, J. Phys. Chem. 49, 428 (1945). 

*M. Rama Rao, J. Chem. Phys. 9, 682 (1941). 

‘C. T. Lester, G. F. Rodgers, and E. Emmet Reid, J. Am. Chem. Soc. 66, 1674 (1944). 
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Fic. 1. Plot of the ultrasonic velocity versus molecular 
weight for a series of 1-olefins. 


The ultrasonic velocity of each of the com- 
pounds was measured at 10°, 20°, 30°C, and in 
some cases at 25°C, using the ultrasonic inter- 
ferometer described by McMillan and Lage- 
mann.® The usual precautions to be taken with 
the interferometer were observed. The frequency 
used was 500,000+20 cycles per second. The 
temperature was maintained within +0.03°C 
with Bureau of Standards calibrated thermome- 
ters. In most cases about 40 ml of each compound 
were available, giving sufficient nodal points in 
the interferometer to justify an estimate of 0.1 
percent probable error in the measured velocities. 
In the case of 1-heptene and 1-octene, however, 
so small a volume was available that only two or 
three nodal positions could be measured, and for 
these compounds the error must be larger than 
that quoted above. 

The velocities were measured with the liquids 
contained in a gold-plated brass cup. Despite the 
plating, some of the compounds turned lightly 
blue-green after 6 hours in the cup. Analysis 
showed the color to be due to copper. Drying 
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Fic. 2. Graph showing the variation of ultrasonic 
velocity with temperature for some 1-olefins. 


®D. R. McMillan, Jr. and R. T. Lagemann, J. Acous. 
Soc. Am. 19, 956 (1947). 
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Fic. 3. Plot showing the additivity of the 
molecular sound velocity. 






with anhydrous sodium sulphate and redistilla- 
tion yielded samples which remained uncolored 
on use in the apparatus. New velocity measure- 
ments were made, but these did not differ sig- 
nificantly from the earlier ones. 

The densities at 10°, 20°, and 30°C were meas- 
ured using a 5-ml pycnometer such as that de- 
scribed by Lipkin, Davison, Harvey, and Kurtz.‘ 
Refractive indices were taken on a temperature 
regulated Abbe refractometer using a wave- 
length of 5893A. 


RESULTS 


Table J gives the measured values of the ultra- 
sonic velocity, density, and refractive index. The 
plots of velocity versus molecular weight, shown 
in Fig. 1, are smooth curves. This is not generally 
the case within an homologous series.? It may be 
noted that the curve becomes more linear as one 
goes out the chain. 

Figure 2 shows that the temperature coeffi- 
cient, defined here as AV /At, is constant for the 
temperature range studied and is the same for 
the five higher members. For 1-heptene and 
1-octene the change of velocity with temperature 
does not appear linear, or, if assumed linear, the 
slope for 1-heptene, at least, differs from that of 
the others. It is unfortunate that larger quanti- 
ties of these two were not available to check this 
point. 

From the data in Table I it is possible to calcu- 
late the values of the molecular sound velocity, 
MV?/d, given in Table II. The values for each 
compound remain substantially constant over 


the range 10° to 30°C, though there appears 4 


6M. R. Lipkin, J. A. Davison, W. T. Harvey, and S. S. 
Kurtz, Ind. Eng. Chem. (Anal. Ed.) 16, 55 (1944). 
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TABLE II. Calculated values of the molecular sound velocity, adiabatic compressibility, and molecular refraction. 








Molecular sound velocity 


Molecular refraction 


Adiabatic compressibility 











(D line) (Atm.~! X 106) 

Compound 10°C 20°C 30°C 10°C 20°C 30°C 10°C 20°C 20°C 
1-Heptene 1471 1461 1459 34.13 34.09 34.09 101.4 113.8 125.3 
1-Octene 1661 1653 1654 38.74 38.63 38.63 92.69 100.6 108.7 
1-Nonene 1839 1839 1839 43.16 43.22 43.23 86.39 92.62 100.5 
1-Decene 2033 2032 2033 47.85 47.89 47.90 81.08 87.23 93.43 
1-Undecene 2226 2224 2223 52.50 §2.55 52.56 77.17 82.86 89.21 
1-Tridecene 2606 2603 2604 61.75 61.80 61.87 71.53 76.55 79.67 
1-Pentadecene 2985 2982 2980 70.97 71.05 71.03 66.67 71,17 76.03 
tendency for them to decrease with increase in relation 


temperature. Thus these olefins behave like 
other normal compounds in that there exists a 
molecular sound velocity which is constant for 
changes in temperature. 

As CHe groups are added in successively build- 
ing up the series, the constant increases and 
takes on nearly equal increments. Beginning 
with 1-heptene, the increase in the molecular 
velocity per CH» group is successively 193, 183, 
194, 191, 2190/2, and 2189/2. The linearity 
between the molecular sound velocity and the 
molecular weight is well shown in Fig. 3. The 
average increment is 189 per CH, group, slightly 
less than the average of 195 for several series 
reported by Rao.? Assuming the experimental 
data used by Rao to be as accurate as the data 
given here, the change from 195 to 189 appears 
significant and indicates the constant is constitu- 
tive as well as additive. 

Included in Table II are values of the adia- 
batic compressibility calculated by means of the 


V= 1/(pBaa) - 


where V is the ultrasonic velocity, p is the den- 
sity, and Baa is the adiabatic compressibility. 
Values of Baa were converted from cm?/dyne to 
atmospheres! by use of the factor 1,013,000 
(13.590 X 76 X 980.66), although g at the location 
of the experiment was 979.524 cm sec.~. 

The CHg increments in the molecular refrac- 
tivities listed in Table II vary more than those 
of the sound velocity. The average value of 4.620 
is in good agreement, however, with the 4.618 
proposed by Eisenlohr.? 
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It has been found possible to develop perturbation operators for the centrifugal distortion 
terms that permit an approximate evaluation to be made of their contribution to the asym- 
metric rotor energy levels for large values of J. The procedure is based upon the asymptotic 
(J->~«) similarity between the matrices of the asymmetric rotor and that obtained from 


Mathieu’s differential equation. 









INTRODUCTION 


HE general matrix formulation of the cen- 
trifugal distortion problem has been given 
by Howard and Wilson.! The explicit formulas 
applicable to symmetrical triatomic molecules, 
as well as the resulting secular equation, have 
been given by Wilson? and Shaffer and Nielsen.* 
The secular equation given by these authors 
has been examined under conditions where J is 
increased indefinitely. It has been found possible 
to extend the asymptotic treatment described 
recently‘ to include the effect of the centrifugal 
distortion terms. Suitable perturbation operators 
are added to Mathieu’s differential equation, 
permitting the asymmetric rotor problem to be 
reformulated with the result that the centrifugal 
distortion corrections, when small, require only 
an approximate knowledge of the effective mo- 
ments of inertia. Their dependence upon the 
rotational state involves just the quantum 
numbers describing the state and the asymmetry 
of the rotor. 


* The support given by the Navy Department is grate- 
fully acknowledged for some of the computational work 
herein reported. It was carried out under Task Order V of 
Contract N5ori-76 (Office of Naval Research) by Mrs. 
Grace C. Ek. 

** National Research Council Predoctoral Fellow. Pres- 
ent address: Hydrocarbon Research, Inc., 115 Broadway, 
New York, New York. 

1J. B. Howard and E. B. Wilson, Jr., J. Chem. Phys. 
4, 260 (1936). 

2 E. B. Wilson,'Jr., J. Chem. Phys. 5, 617 (1937) ; see also 
—- and P. C. Cross, J. Chem. Phys. 5, 621 

8’ W. H. Shaffer and H. H. Nielsen, Phys. Rev. 56, 188 
(1939); see also H. H. Nielsen, Phys. Rev. 59, 565 (1941). 
4S. Golden, J. Chem. Phys. 16, 78 (1948). 
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CENTRIFUGAL DISTORTION TERMS IN 
ENERGY OPERATOR 


The centrifugal distortion contribution to the 
Hamiltonian has been given by Wilson? as 


H’= + » Ta, BY, sPaPsP,P;, (1) 


a, B, 7,6 


where 


Ta,8,7,8 depends only upon the vibrational 
state ; 

a, B, y, 6 refer to the molecule fixed principal 
axes, Xx, Y, Or 3; 

P, refers to the component of angular mo- 
mentum along the a-axis. 


Formulas have been given by Wilson and by 
Shaffer and Nielsen that permit the 7’s to be 
evaluated approximately. The matrix elements 
of Eq. (1) evaluated in terms of a basis of sym- 
metric rotor wave functions have also been given 
by the aforé-mentioned authors. However, the 
choice of basis functions in both cases corre- 
sponds to the wave functions of the limiting 
oblate symmetric rotor. Since it is frequently 
desirable to expand in terms of the limiting 
prolate symmetric rotor functions, the effect of 
this change of basis will be examined. 

The choice of a basis of symmetric rotor wave 
functions is determined by the manner in which 
the cartesian axes x, y, z are identified with the 
priacipal axes of the rotor a, b, c. Here a, ), ¢ 
correspond to the axes of smallest, intermediate, 
and largest moment of inertia, respectively. In 


5B. T. Darling and D. M. Dennison, Phys. Rev. 57, 
128 (1940), give certain formulas that prove useful in this 
calculation. 
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an oblate representation z is identified with c, 
while in a prolate representation z is identified 
with a.° Although the extension of the present 
method to more general cases is clearly evident, 
only symmetrical triatomic molecules will be 
considered in any detail. The limiting prolate 
basis will be employed. This means that the 
matrices finally considered by Wilson are unaf- 
fected except that (P,P,+P,P.)? replaces his 
(P,P,+P,P.)?. 

The former matrix may be evaluated from the 
known values of P, and P,.’ Its non-vanishing 
elements are given below. 


((P.Py+P,P.)* lu, x, M; J,K,M 


hi 
= 2f-+8fK?—10K*—8K4); 


(2) 
((P.Py+P,P:)* ]y, x, M; J,K+2,M 


ht 
= ~— 0K 1) (2K +3) {(f-—K(K+1) } 
XLf—-(K+1)(K+2) ]}}, 
where f= J(J+1). 


ASYMPTOTIC FORM OF THE ENERGY 
MATRIX® 


The results of Eq. (2) may be combined with 
those of reference 2 to obtain the energy matrix. 
When the procedure adopted in reference 4 is 
applied, the following non-vanishing elements 
are obtained for the reduced energy matrix when 
KJ. In arriving at these equations, the off- 
diagonal terms were expanded in powers of 
(K+1) and powers greater than the second 
neglected. This conforms with the limiting situ- 
ation for which the Mathieu equation method is 
applicable. 


Ex; x=XA-+(1+2B)K?-+20)"K3, 
Ex: x+x~(0-+-XA6) — (Oo’ +-AAGo’)(K2-2K), (3) 


Ex; Ki4™)0y/" — hOol'Y (K?+4K) ’ 


ee 


°G. W. King, R. M. Hainer, P. C. Cross, J. Chem. 
Phys. 11, 27 (1943). 

See, for example, Eq. (5) of reference 6. 
*The notation of reference 4 will be adopted here. 
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where 





= —, 
2a—b—c 
a=h?/2I., b=h*/2I,, c= /2I., 
Ia<In<I., the principal effective moments of 
inertia, 


A = LG P—2)(remt ‘ane) 
is + (2P44f) ron +4 rye] 
B= —[(5—6f)(teoee+ Fame) — (AF +10) roe 
$8f (rosso + Foyse) + (16f—20) roar] 
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The constant diagonal term, \A, may be 
removed immediately. It is convenient to divide 
the resulting equation by (1+ 8), giving: 


Ex; x= K?+)0"K*, 
Ex: x+e™(0+2A6) —(0’+2A0’)(K?+2K), (4) 
Ea K+4—N0"", 


where 6=6)/(1+B), etc. 





SIDNEY GOLDEN 


TABLE I. First-order corrections apart from factor 69”. 











\ Char. 
\value 
Oo \ beo bo1 ber boe bez bos bes bos bes bos bes bos 
0 0.0000 1.0000 1,000 16.000 16.000 81.000 81.000 256.000 256.000 625.000 625.000 1296.00 
1 1.5905 1.9726 2.580 17.650 16.107 82.154 81.549 256.951 256.904 625.957 625.956 1296.97 
2 4.3043 4.0730 8.460 22.406 18.845 86.445 82.109 260.015 259.263 628.827 628.776 1299.87 
3 6.9986 6.6056 18.863 29.771 26.417 94.553 82.679 265.727 262.104 633.652 633.271 1304.68 
4 9.6479 9.2957 31.885 39.124 40.193 106.645 85.632 274.765 264.166 640.586 639.014 1311.38 
5 12.3139 12.0438 45.628 49.879 61.071 122.584 93.653 287.756 264.698 649.923 645.294 1319.94 
6 15.0106 14.8164 59.305 61.575 88.679 142.043 108.624 305.178 264.370 662.094 651.117 1330.45 
7 17.7370 17.6010 72.791 73.886 121.223 164.581 131.960 327.316 265.452 677.632 655.331 1342.93 
8 20.4884 20.3943 86.150 86.594 156.401 189.707 164.768 354.262 270.917 697.106 656.963 1357.66 
9 23.2576 23.1950 99.456 99.564 192.426 216.937 207.559 385.955 283.433 721.059 655.682 1374.87 
10 26.0473 26.0026 112.766 112.717 228.341 245.834 259.845 422.184 305.057 749.967 652.277 1394.95 








The (K?+4K) terms have been neglected in 


” e ° ° . . 4 
Ex: x+4, which is justifiable since 6!V/6’”’ varies 


as 1/f, or 1/J? when J->~. 
The reduced energy matrix is now given by 


E’=)AI+(1+.B)E”. (5) 


Apart from the diagonal K‘ terms and the 
(K|K+44) terms, the E” matrix represents that 
of a modified asymmetric rotor. Suitable per- 
turbation operators will now be given for the 
additional terms. 


PERTURBATION OPERATORS 


It is readily verified that the diagonal K‘ 
terms may be introduced by the perturbation 


operator® 
4 


P(x) = —dO"’—. (6) 
dx! 
The (K|K-+4) terms may be introduced by the 
operator 
Po(x) = —dO’”’ cos4x. (7) 
The modified Mathieu’s equation becomes, to 
this approximation, 
d*y 
ae (a—26 cos2s)| +(°+0:1+@2)y=0, (8) 
x 


where @ is defined by Eq. (24) of reference 4, 
with (6’+ A@’) replacing 0’. 


APPROXIMATE SOLUTION 


To find the characteristic values of Eq. (8), 
its matrix may be developed in terms of a basis 
of elliptic cylinder functions. The terms in 
braces then form a diagonal matrix. The off- 

®The basis functions used here are the normalized, 


imaginary exponentials, yo= 1/(2)*e***, See Eqs. (11) and 
(12) of reference 4. 


diagonal terms (as well as some diagonal terms) 
arise from the evaluation of (0+@1+@:2) in 
terms of this basis. The resulting matrix may 
now be approximately diagonalized to second 
order by the conventional perturbation theory. 
It may be pointed out that this procedure for 
diagonalization is equivalent to approximating 
the asymmetric rotor wave functions by their 
elliptic cylinder function equivalents, which 
assumes constant (K|K-+2) terms in Eq. (3), 
and then treating the variation of these terms 
with K together with the centrifugal distortion 
terms as a simultaneous perturbation on the 
asymptotic formulation of the asymmetric rotor 
problem. 

The characteristic values, correct to second 
order, of the matrix obtainable from Eq. (8) 
may be formally written as 


E"’ (x) =a(0+2A6) + (6’-+A0’)B(6-+2A8) 
+20’"y(0-+XA8) +20/5(0-+2.A8) 
+€(6+2A8, 6’+2A0’, 0”, 0”), (9) 
where 


a is the appropriate characteristic value of 
Mathieu’s equation ; 

(6’+ 2A’) is the appropriate diagonal element 
ot ® evaluated in terms of elliptic cylinder 
functions; 

\6’’y is the appropriate diagonal element of ?: 
evaluated in terms of elliptic cylinder func- 
tions; 

\0’’5 is the appropriate diagonal element of ?: 
evaluated in terms of elliptic cylinder func- 
tions; 

¢ is the appropriate second-order perturbation 
correction. 
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A characteristic value of the reduced energy 
matrix may now be written down. 


E’=\A+(1+AB)E” 
=\A+(1+AB)a(0+2A8) 
+ (80 +60’) B(0+2AA8) 
+60!"y(O-+AAB) +2O0/"5(0-+AA8) 


+(1+AB)e(O6+AAG, 6’ +XA0’, 0”, dO”). 
(10) 


Since the centrifugal distortion terms are 
generally small (i.e., \A@/@K1) it is permissible 
to develop the quantities a, 8, etc., in a Taylor 
series about the point 6) and retain only the 
zeroth- and first-order centrifugal distortion 
terms. 

The factor (1+AB) represents a change in 
magnitude of the effective principal moments of 
inertia produced by the centrifugal distortion 
terms. The term (6+AA@) involves what may be 
considered to be an effectively different asym- 
metry of the rotor produced by centrifugal dis- 
tortion. The Taylor series expansion here in- 
volves the expansion of this term about the 
asymmetry of the rotor when centrifugal dis- 
tortion is neglected. 

Expanding, 


B=MA-+ (1408) |a(6) +—(04040—09)| 


0 


op 
+ (60’ +AA6o’) | B(4o) — 60) 


0 


+260'"7 (0) +200" 5 (0) 
+€(, 0’, 0, 0) +ABe(O, 0’, 0, 0). 
Simplifying, 
E’ =[ (80) +60’ 8() +€(40, 60’, 0, 0) J 
+A +B { (0) +€(0, 00’, 0, 0)} 


0a 0g 
+2(A%— Ba) | —+0'—| 
06 04 


+A’ B( A) +2607 (%) +)O0'""5 (8) . 


(11) 
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Here it has been implicitly assumed that the 
off-diagonal terms from @; and @, are sufficiently 
small so that their effect upon « may be safely 
neglected. 

The bracketed term in Eq. (12) corresponds 
to the reduced energy of the asymmetric rotor 
when the centrifugal distortion terms are 
neglected. To find the change produced in the 
energy level of the rotor by centrifugal dis- 
tortion, recall that the reduced energies must be 
multiplied by (1—(6+c)/2) or 1/A. Thus one 
obtains for the centrifugal contribution to the 
actual energy 


da 0B 
AE,’ =A +B(a+e) + (A%— BA) | —+ | 
06 005 
+ AOy'B+00""y+60'"5. (12) 


Examination of Eq. (12) reveals that the 
centrifugal distortion contribution requires in- 
formation concerning the configuration of the 
molecule only to evaluate the quantities A, B, 
AO, etc. (i.e., the 7a,¢,y,5 of Eq. (1)). Except for 
this, it depends only upon the quantum numbers 
of the state and the asymmetry of the molecule. 

Since the contribution from the diagonal K‘4 
terms appears to be most important, the diagonal 
matrix elements of @ (i.e., y) have been evalu- 
ated and are given in Table I. Other elements of 
@®; and those of @: are readily evaluated using 
the Fourier coefficients of the elliptic cylinder 
functions tabulated by Ince.” The quantities a 
and da/0@ may be determined from the Tables of 
Characteristic Values of Mathieu’s Differential 
Equation." The quantities 6 (i.e., diagonal ele- 
ments of ®) and e have been given in reference 4. 
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The UCI; Type of Crystal Structure 


W. H. ZACHARIASEN 


Argonne National Laboratory and Department of Physics, 
University of Chicago, Chicago, Illinois 


January 14, 1948 


HE UCI; type of structure was observed in the course 
of war research within the Manhattan Project. The 
crystal structure of the prototypic compound UCI; was 
first described in reports issued within the Manhattan 
Project in January and March 1944. Since that time 
seventeen additional compounds have been found to 
crystallize with the UCI; type of structure. 
UCI; is hexagonal with two molecules per unit cell. The 
lattice periods are: 


a,=7.428+0.003A, a3=4.312+0.003A, 


corresponding to a calculated density of p=5.51. The 
density p= 5.44 is reported in the literature. 

The space group is C63;/m(C,,?) and the atomic positions 
are: 

2U in +(3, 3, 4), 
6 Clin + (x, y, bg, a7, iy—-x, Zz, 3). 
The parameter values are found to be 
x=0.375+0.014, y=0.292+0.014. 


Each uranium atom is bonded to nine chlorine atoms, 
three at a distance of U—Cl=2.95A and six at U—Cl 


TABLE I. Lattice dimensions of isomorphous compounds X Y3. 











Compound a a3 
AcCls 7.62 +0.02A 4.55 +0.02A 
UCI; 7.428 +0.003 4.312 +0.003 
NpCls 7.405 +0.010 4.273 +0.005 
PuCls 7.380 +0.001 4.238 +0.001 
AmCl; 7.37 +0.01 4.24 +0.01 
LaCls 7.468 +0.003 4.366 +0.003 
CeCls 7.436 +0.004 4.304 +0.004 
PrCls 7.41 +0.01 4.25 +0.01 
NdCl; 7.381 +0.004 4.231 +0.003 
AcBrs 8.06 +0.04 4.68 +0.02 
UBrs! 7.926 +0.002 4.432 +0.002 
NpBrs 7.917 40.005 4.382 +0.005 
LaBrs 7.951+0.003 4.501 +0.003 
CeBrs 7.936 +0.003 4.435 +0.003 
PrBrs 7.92 +0.01 4.38 +0.01 
La(OH)s 6.510+0.005 3.843 +0.005 
Pr(OH)s 6.47 +0.03 3.76 +0.03 
Nd(OH)s 6.42 +0,.02 3.74 +0.02 








1 The approximate lattice dimensions of UBrs were first obtained by 
N. Baenziger and R. Rundle and given in a Manhatten Project report 
in April, 1944. 
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=2.96A. The closest distance of approach of two chlorine 
atoms is Cl—Cl=3.45A. 

The structure of UCI; is of coordination type and the 
U—Cl bonds appear to be of predominantly ionic character, 

Table I gives the lattice dimensions for the various 
compounds which so far are known to be isomorphous 
with UCI. 

The decrease in lattice dimensions from LaCl; to NdCl,, 
from LaBr; to PrBr3, and from La(OH); to Nd(OH), 
illustrates the “lanthanide contraction” caused by the 
addition of electrons to the 4f shell. It is seen that there 
is a corresponding contraction of the interatomic distances 
in the series AcCls—AmCl; and AcBrs— NpBrs. The results 
of Table I thus represent experimental proof that electrons 
enter the 5f shell in the heavy element series. 

The new compounds listed in Table I were prepared by 
various investigators as follows: 


Sherman Fried——AmCl;, NpBrs, 
Sherman Fried and N. R. Davidson 
F. Hagemann PuCls, 

Sherman Fried and F. Hagemann——AcCl;, AcBr;. 


A detailed account of the investigations will be published 
later. 





NpCls, 








The Non-Exchange of Radioactive Cobalt 
between Hexammino Cobaltic and 
Cobaltous Chlorides 


K. J. McCALtum anp S. A. HosHowskKy 


Department of Chemistry, University of Saskatchewan, 
Saskatoon, Canada 


January 8, 1948 


N 1941, Flagg! reported that there was no exchange 

between radioactive cobaltous ion and hexammino co- 
baltic ion in neutral solution. The dissociation of the 
hexammino cobaltic ion through the reaction? 


Co(NHs3)e*=Co*++6NH; (1) 


should result in the presence of a small concentration of 
cobaltic ion in equilibrium with the complex. Because of 
the presumed ease of exchange between uncomplexed co- 
baltous and cobaltic ions by an electron transfer process, 
Flagg pointed out that exchange between the cobaltous and 
hexammino cobaltic ion might be expected. To explain the 
failure of exchange to occur, he suggested that the rate of 
reduction of the cobaltic ion by water might be greater than 
the rate of the electron transfer process. However, the 
reduction of the cobaltic ion would result in the gradual 
decomposition of the hexammino cobaltic ion, and in view 
of the observed stability of this ion, its rate of dissociation 
must be small, if Flagg’s suggestion is correct. 

In the present work, the exchange between hexammino 
cobaltic and cobaltous ion has been studied in solutions 
ranging from one molal hydrochloric acid to ten molal 
ammonia. According to Lamb and Larson,? in concentrated 
ammonia solution cobaltous ion forms the hexammino 
cobaltous ion, Co(NH3),2*. 

In these experiments, hexammino cobaltic ion contait- 
ing radioactive Co was synthesized.? A weighed amount 
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TABLE I. Apparent percentage of exchange. Solutions 0.011 
molar in cobaltic and cobaltous cobalt. 








Apparent percent 





Solutions Time in hours exchange 
1M HCl 3.5 0.03 +0.05 
neutral 3.5 0.02 +0.07 
neutral 24 0.03 +0.07 
3.6 M NH; 3.5 0.19 +0.24 
6.5 M NHs3 3.5 0.05 +0.13 
6.0 M NHs3 24 0.03 +0.25 
9.5 M NHs 3.5 0.02 +0.07 








of the complex and an equimolar quantity of inactive 
cobaltous chloride was dissolved in water and hydrochloric 
acid or ammonia water added to give the desired solution. 
After standing in the dark for a known time at room tem- 
perature, the solution was neutralized, ammonium chloride 
and ammonium thiocyanate added and the complex co- 
baltous thiocyanate extracted with amyl alcohol-ether 
mixture. The cobalt was removed from the organic layer by 
shaking with a dilute ammonia solution and then precipi- 
tated by the addition of ammonium sulfide. The cobalt 
sulfide was dissolved in aqua regia and the resulting solu- 
tion boiled with sulfuric acid. The cobalt was deposited 
electrolytically on weighed copper disks and the radio- 
activity determined. Radioactivity measurements were 
made with a mica window end-on type of counter with a 
scale of 64 circuit. 

All experiments were done in duplicate. Corrections were 
made for background and for the incomplete recovery of 
the cobaltous cobalt. Blank experiments indicated that 
less than 0.1 percent of the hexammino cobaltic ion was 
extracted under the conditions of these experiments. 

The results are given in Table I. The initial activity of 
the hexammino cobaltic ion taken for each of the different 
experiments varied between 2400 and 3000 counts a minute. 
The results are reported as the apparent percentage of the 
hexammino cobaltic chloride undergoing exchange with 
all of the divalent cobalt present. The uncertainties were 
calculated taking the statistical error in the determination 
of the background and cobalt activity as the square root of 
the number of counts observed. 

In all cases the apparent percent exchange is zero within 
experimenta! error. The results in neutral solution confirm 
those of Flagg. However, his suggestion that the non- 
exchange is due to the rapid reduction of the cobaltic ion 
by water is not by itself sufficient to account for these 
results. In his experiments the activity was present in the 
cobaltous state while in those reported here the hexammino 
cobaltic ion contained the activity. Dissociation of the 
complex by reaction (1) and reduction of the cobaltic to 
cobaltous ion would result, in these experiments, in activity 
being detected when the cobaltous ion was separated. 
Ascribing the total activity in the cobaltous state to such 
decomposition (as well as the results of additional blank 
experiments) indicates that less than 0.1 percent of the 
complex was decomposed in solution in twenty-four hours. 
Thus, either the dissociation of the complex to form co- 
baltic ions, the reduction of cobaltic ion, or both, must be 
slow processes. 

; The lack of exchange in strongly ammoniacal solution 
indicates that if, as Lamb and Larson conclude,? divalent 


cobalt exists as the Co(NH;)¢?* ion under these conditions, 
exchange between the latter and Co(NHs3).+ does not 
occur by an electron transfer between the complex ions 
under the conditions of these experiments. Further experi- 
ments on the exchange reactions of the cobaltammines are 
in progress and will be reported elsewhere. 

We wish to acknowledge the generous financial assistance 
of the National Research Council of Canada. 

1J. F, Flagg, J. Am. Chem. Soc. 63, 557 (1941). 

2 A, B. Lamb and A. T. Larson, J. Am. Chem. Soc. 42, 2024 (1920). 


3 Biltz, Hall, and Blanchard, Laboratory Methods of Inorganic Chem- 
istry (John Wiley and Sons, Inc., New York, 1928). 





The Isomerization of Propane with C™ in 
One End Position 


O. BEEcK, J. W. Otvos, D. P. STEVENSON, 
AND C. D. WAGNER 


Shell Development Company, Emeryville, California 
January 13, 1948 


HE catalytic isomerization of propane with C™® in 
one end position, for which the nomenclature 
propane-1-C™ has been suggested,! was investigated over 
aluminum bromide at room temperature. It was found that 
the rate of isomerization of propane-1-C™ to propane-2-C¥ 
with C in the middle position is comparable to the rate 
of isomerization of normal butane to isobutane under simi- 
lar conditions. Within the accuracy of the analytical 
method the equilibrium distribution of the propanes-1-C¥% 
and -2-C! was found to be the statistical one, that is 
propane-1-C!*/propane-2-C“%=2, as would be expected 
since the introduction of C® into the propane molecule 
changes the partition functions only very slightly. The 
result that no molecules containing two C" carbon atoms 
are formed, unambiguously establishes the purely intra- 
molecular character of the isomerization reaction. Finally, 
it was found that the probability for dissociation by elec- 
tron impact in the mass spectrometer of the carbon—carbon 
bonds was decreased by roughly 5 percent for the C’—C® 
bond and increased by the same amount for the C?—C” 
bond below and over those in ordinary propane.* 
Propane-1-C" prepared through the reaction sequence: 


KCN (16.7 atom percent C"*) 


EtBr CsH170H 
— EtC8N —— EtC®00CsH17, 
H.O, HCI 
LiAlH, HBr Mg 


—— EtC“H.OH — EtC*H.Br — EtC"H; 


hydrolysis Ht 
(16.7 atom percent C'*) 


gives in 30 percent yield a propane with the calculated 
isotopic and isomeric distribution shown in column 2 of 
Table I. The mass spectrometric technique used combines 
into one operation the usual steps of chemical degradation 
followed by isotopic analysis. 

The relative concentrations of the four isotopic propanes 
can be calculated by well-known methods from the relative 
intensities of the ions of m/qg=47+*, 46+, 45*, and 44* in 
the mass spectrum of a sample, when the relative intensities 











TABLE I. Calculated distribution of isotopic species 
of C13(16.7 percent )-propane. 








After After intra- plus 





Propane intramolecular intermolecular 
Species synthesized equilibration equilibration 
C3"Hs 0.8150 0.8150 0.8237 
CBH; —C2He—C8H; 0.1720 0.1204 0.1100 
CH; —C8H2—C#H; 0.00856 0.0602 0.0550 
C8H;—C8H,—CH; 0.00182 0.00236 0.00734 
C8H;—C!H:—C8H;3 0.00172 0.00118 0.00367 
Cs8Hs 0.00002 0.00002 0.00025 
(46*) /(44*) +0.0003« 0.0037 0.0037 0.0118 
(30+) /(29*) +0.0010* 0.1020> 0.13005 0.1265> 








® Accuracy of measurement of these quantities. 
b Calculated assuming equal dissociation probability for C!2—C! and 
C2 —Ci8 bonds. 


TABLE II. Mass spectral relative intensities in C!*-propane 
during isomerization. 











Time* (30*) /(29*) (46+) /(44*) 
Ob 0.106(3) 0.0038 
65 0.119(4) 0.0034 
186 0.126(5) 0.0034 
261 0.128(3) 0.0036 
405 0.130(1) 0.0039 
594 0.129(5) 0.0036 
1074 0.133(6) 0.0039 








® Time in hours of contact between vapor at approximately 450-mm 
pressure with a catalyst prepared by the addition of 0.023-gram H2O 
to anhydrous aluminum bromide (0.40 gram). 

b The propane-1-C!3 as synthesized. The intensities of all of the C2 
and C; ions and ionic fragments agreed with the calculated values to 
within the experimental uncertainty. 


of the ions of m/q=44*, 43+, 42+, and 41* in the mass spec- 
trum of C;!2Hs are known. Furthermore, the relative con- 
centrations of the isomeric propanes, -1-C and -2-C%, 
can be determined from the relative intensities of the ions 
of m/q=30* and 29+ since the former species can give rise 
to but half as many ions C®C“H;*(m/q=30*) as can the 
latter species. This determination of the isotopic isomer 
distribution presupposes the knowledge of the concentra- 
tions of C;!2Hs, Co2C8Hs,, C#C.2!83Hs, and C;3!8Hs. Intra- 
molecular equilibration requires the species distribution 
(statistical) shown in column 3 of Table I, while complete 
inter and intramolecular equilibration (statistical) requires 
the distribution shown in column 4. The relative ion in- 
tensities (46+)/(44*) and (30*)/(29*), which are measures 
of the relative species concentrations C2C2Hs/C;"Hs and 
C®H;—C8H2—C"H;/C"H;—C"H2— CH, respectively, 
calculated from the mass spectrum of ordinary propane 
for the three situations, are shown in the last two rows of 
Table I. 

In Table II there are shown the measured values of the 
relative intensities (46*+)/(44+) and (30+)/(29*) for the 
prepared propane-1-C" and after 65, 186, 261, 405, 594, 
and 1074 hours in contact with almost anhydrous alumi- 
num bromide at 25°C. At 65 hours the (30*)/(29*) ratio 
had undergone about one-half its maximum change, while 
even at 1074 hours the (46*)/(44+) ratio was still un- 
changed (within the experimental error). The disagreement 
between the initial and final values in Table II and those 
given in Table I are believed to be due to a small (~5 per- 
cent) difference in the dissociation probabilities of C’’—C” 
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and C2—C¥® bonds. Similar experiments with butane are 
now in progress. 


1J. W. Otvos and C. D. Wagner, Science 106, 409 (1947). 

* Recent measurements with a sample containing 54 atom percent 
C8 allow a more exact evaluation of the changes in these dissociation 
probabilities, with the result that the dissociation probability of the 
Cl3—C!2 bond is decreased by 12 percent+1 percent and that of the 
Cl2—(C!2 bond increased by 7 percent +0.2 percent. 





A Criterion for Normal Liquids 


ROBERT L. Scott 
University of California, Berkeley, California 
January 23, 1948 


N a recent communication Parashad! has proposed a 
formula to distinguish between normal liquids and 
associated liquids. For liquids which ‘we may regard as 

normal, he finds 
AE’B/Va=T, (1) 


while for abnormal liquids, the left-hand member is greater 
than T 
AE*B/Va>T. (2) 


AE? is the energy of vaporization, 8 is the isothermal com- 
pressibility, V is the molal volume, a@ is the coefficient of 
cubical expansion, and T is the absolute temperature. 

In reality, the criterion which Parshad proposed is not 
novel. Pure thermodynamics yields what has been called 
the ‘thermodynamic equation of state”’ 


(0@E/8V)7r=T(0P/dT),.—P. (3) 


Since for liquids under normal conditions, P is negligibly 
small compared with the other two terms, we may write 


(0E/AV)7=T(dP/dT)>. (4) 
Since (0P/dT),»=a/B, we obtain 
(0E/dV)r=Ta/Bp. 


It remains for us to relate (9E/0V)r and AE*/V. Over a 
small range of volumes, we may represent E and (dE/dV)r 
in the functional forms: 


E=a/V", (6) 
0E/d8V=—na/V"*'=—nE/V. (7) 


For most practical purposes the cohesive energy pet 
mole E may be replaced by —AE*, and Eq. 5 may be 
rewritten 


Ta/B=nAE*/V. (8) 


For a van der Waals liquid n is unity, and this last Eq. 8 
reduces to the first. Although the van der Waals equation 
is certainly a poor approximation for liquids, Hildebrand 
and co-workers have measured (@P/d8T)v directly for 4 
number of normal liquids and on comparison with AE*/V, 
it was found that » is, in fact, not far from unity.* For 
methyl alcohol and mercury, although for different reasons, 
the calculated m falls far short of unity, in agreement 
with Eq. (2). 

1R. Parshad, J. Chem. Phys. 15, 761 (1947). : 

2 J. H. Hildebrand, Phys. Rev. 34, 984 (1929); see also J. H. Hilde- 
brand, Solubility of Non-Electrolytes (Reinhold Publishing Corporation, 


New York, 1936), second edition, pp. 93-101, and J. Chem. Phys. 15, 
727 (1947), particularly Table. VII. 
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